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ABSTRACT
This study deals with the ecology of ciliate and bacterial 
populations in operational slow sand filter beds used as a stage in 
treatment of river water for drinking water supply. It differs from 
earlier research in this college on the meiofauna and protozoa of 
similar filter beds in the source of water, the use of micro-strainers 
for pre-treatment, the coarser composition of the sand and in the 
study of bacteria. Three beds were studied but only one of these was 
studied for 9 runs, starting immediately after resanding in March 1985 
and finishing in December 1985. The other beds were investigated 
comparatively to assess the effects of excluding sunlight. The 
sampling programme was designed to provide a time-course of depth 
distribution of densities of the ciliate protozoan and bacterial 
populations as well as the abundance of particulate organic carbon and 
chlorophyll a in relation to measures of the bed's performance such as 
head loss and filtration rates, which were monitored by Thames Water.
Fourteen species of Ciliatea were commonly recorded and were 
counted alive after extraction from the sand at different depths and 
cold sedimentation. The same depths were used to determine the 
concentration of particulate organic carbon and chlorophyll a as well 
as the density of bacteria shaken off the sand grains and counted by 
incidence epifluorescence microscopy. As only single cores were taken 
on each sampling occasion due to the need to sample frequently, at 
many depths and to count live organisms, a special study was 
undertaken to estimate the horizontal variability of protozoan and 
bacterial densities. Tests were made on the extraction efficiency of 
the protozoan and bacterial techniques. Scanning electron microscopy 
of the sand grain surfaces from diffe^t depths was used to determine 
the sizes and shapes of the bacterial forms present as well as to 
assess the efficiency of the shaking technique for their removal. The
linear dimensions of the different ciliate species were also measured. 
This permitted the calculation of cell volume of each common species, 
using formulae for the most appropriate geometric shape.
Three phases of development in ciliate depth distributions 
occurred in most runs: during the first four days, ciliate densities
were low and uniform throughout the depths; this was followed by 
increased densities in the top few cms and a sharp decline with depth; 
after the thi rd week of the run, a marked surface avoidance was 
observed. The bacterial populations and the concentrations of POC and 
chlorophyll a showed similar patterns of depth distribution with time, 
with the exception of the phase with surface avoidance.
The bed exposed to normal levels of sunlight was more productive 
than the other covered beds which was shown by the bacteria, ciliates, 
chlorophyll a and POC. Peak ciliate densities occurred during the 
third week of a run in all three beds but the highest bacterial 
densities appeared earlier (13-14 days) in the unshaded bed compared 
with the shaded ones (31 days). In all three beds, a marked decline 
in ciliate densities coincided with an increased development of the 
bacterial populations. During the first ten days of a run when head 
loss increased slowly, the ciliate and bacterial populations were able 
to increase their densities exponentially accompanied by an increasing 
cumulation of POC and chlorophyll a. This was followed by a period 
when the head loss increased more markedly when the ciliates, bacteria 
and chlorophyll a concentrations respond in a variety of ways in 
different runs but the POC continued to cumulate until . the end of the 
run. These changes were accompanied by a succession in the species of 
ciliate which was numerically dominant and there was a change-over 
from predominantly bacterivore to carnivore forms.
Scanning electron-micrographs of the sand grain surfaces showed 
that the bacteria were attached by strong filaments and that 
apparently anaerobic fusiform bacteria appeared towards the end of a 
run and during periods of high temperature. The micrographs were also 
used to assess the efficiency of the shaking technique at removing 
bacteria from the sand grain surfaces.
A laboratory filter model was used to perturb experimentally the 
simulated sand filter system by changing the filtration rates 
experimentally and determining the depth distributions of the ciliate 
fauna and bacterial flora. In general, the densities of organisms in 
the model filter were less than those found in lit operational beds, 
perhaps because of the difficulty of pro^ng realistic levels of 
radiation.
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This thesis is a continuation study of the biology of the water 
treatment system of Thames Water Authority carried out by the 
department of Biology of Royal Holloway and Bedford New College. It 
represents the fourth completed thesis on this subject (Bellinger, 
1968; Lodge, 1979; Goddard, 1980) which were supervised by Dr J H 
Evans and Dr A Duncan. This study deals with the ecology of ciliate 
and bacterial populations in operational slow sand filter beds at 
Ashford Common Water Treatment Works as a stage in treatment of the 
river water for drinking water supply. It differs from earlier 
research in this college on the algae, meiofauna and protozoa of 
similar filter beds at Walton and Hampton Treatment Works in the 
source of water, the use of micro-strainers for pre-treatment, the 
coarser composition of the sand and in the studying of bacteria. The 
study was also contemporaneous with performance trials being conducted 
at Ashford Common by Thames Water Authority so that it benefited from 
the wealth of background environmental data made available as well as 
technical assistance.
1.1 The main aims of this study can be summarised in the following
points;
1- To study the depth distribution of the ciliated protozoan and
bacterial populations inhabiting the slow sand filters at Ashford
Common Works using a sampling method which allowed the collection of 
the representative samples from the sand layers during the filtration 
course in order to describe their seasonal and temporal variations.
2- To assess the effects of excluding sunlight using three different 
filter beds with various sunlight intensities; nine runs of bed 14 as 





Centrel- .Ç o n ta ç t j jJ  II - U - Ç œ t ^ L - J
j-,1 Tank .= i
■■ L_------------------------- m  Chlorination l i j L J J l l l . ___ :J *=3
Low Lift Pumphouse^^l^ Houses Low Lift Pumphouse
IMicft^feinef^-i




Ashford Common Water 
Treatment y/orhs
24
3- To evaluate the interaction between the ciliated protozoan and 
bacterial populations as well as their effect on the organic carbon 
and chlorophyll a levels in the sand at these three filter beds.
As only single cores were taken on each samplyg occasion due to 
the need to sample frequently, at many depths and to count the 
ciliates whilst they were still alive, therefore, a special study was 
undertaken to estimate the horizontal variability of the densities of 
the ciliated protozoans and bacteria.
A laboratory slow sand filter model was used to perturb 
experimentally the simulated sand filter system by changing the 
filtration rates experimentally and determining assessing the 
consequencies upon the depth distributions in the sand of the ciliated 
protozoan fauna, the bacterial flora, the particulate organic carbon 
and the chlorophyll a.
1.2 Water supply system of Thames Water and Ashford Common Treatment 
Works;
It was found that 85% of London's drinking water is derived from 
the Rivers Thames and Lee (Steel and Duncan, 1980) and all that water 
passes through the slow sand filtration. This filtration process has 
developed so that its technology and application are very different 
now than before (Toms and Bayley; 1988). There have been three main 
changes in the raw water quality that have increased the capacity of 
the process:
1) A pre-filtration treatment was introduced to minimize the organic 
carbon and ammonia load on the slow sand filter beds.
2) There was an improvement in the river water quality which decreased 
the loading of ammonia and the organic contamination.
3) There were very important developments in the design and management 
of reservoirs in order to increase their capacities for
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self-purification and to minimze the abundance of the phytoplankton. 
Accordingly, the design auid the operational criteria for the slow sand 
filtration in the Thames Valley area were redefined by scientists and 
engineers.
Water is pumped from the River Thames into various reservoirs 
such as Wraysbury, Queen Mother and Queen Elizabeth II where it 
remains for 50 to 120 days depending on the season.This stage is very 
important for decreasing the coliform bacterial populations and for 
sedimentation of organic particles carried by the river. In the 
summer season mainly, the water content of the Wraysbury and Queen 
Elizabeth II reservoirs was stirred by angled jetting of the pumped 
input water in order to minimize the algal growth which \s capable of 
reducing the slow sand filter effficiencies. Water is then passed on 
to the water treatment works such as at Ashford Common, Hampton and 
Walton. Thames Water Authority is using two different methods of 
filtration at these water treatment works; the first one is the 
primary filtration step which is carried out by either microstrainers 
or rapid coarse sand filters, whilst the second one is carried out by 
the secondary (slow) sand filtration with finer grades of sand. It is 
necessary to know that both types of filters, rapid and slow filters 
belong to gravity filters in which the vertical passage of water 
occurs through the sand medium of the bed with the help of gravity. 
These two types of the filters differ mainly in the following points;
i) The rapid filters are operating at higher filtration rate than the 
slow one; 5-15 m/hr and 0.1-0.4 m/hr respectively.
ii) The effective size of the medium of the former is coarser (0.7 mm) 
than that of the latter (0.32) (Toms and Bayley, 1988).
iii) The particulate materials deposited rapidly and deeply in the 
former and is concentrated mainly in the top 5 cms in the latter 
filter.
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During the present study, Ashford Common Treatment Works employed 
the microstrainers only as a primary filtration, followed by the 
secondary slow sand filtration. Ashford Common has 24 rotary 
strainers, each of which consists of a large cylinderical cage (1.5-
3.0 metre in diameter) covered with extren^y fine mesh (1180 holes per 
cm^, Bayley, 1985). As these microstrainers rotate continuously, 
water enters from one end and passes through the mesh leaving the 
detritus to be forced by small jets into a trough at the top of the 
cylinder. In the secondary filtration method, the water coming from 
the strainers is allowed to pass through the slow sand filters in 
order to settle down the heavier suspended particles, to breakdown the 
complicated compounds into simpler forms, to remove most of the 
bacterial populations and viruses, and in order to allow algae, in the 
presence of sunlight, to absorb carbon dioxide, nitrates and 
phosphates to form their cell material and liberate free oxygen. 
These basic functions occurs mainly at the uppermost few cms of sand 
including on top of which a complex Schmutzdecke develops. This 
Schmutzdecke consists of a mesh of filamentous algae, mainly Mejpsira 
and Cladophora, which trap the larger planktonic diatoms and sestonic 
organic particles and which supports a complex benthic fauna of midge 
and mosquito larvae, cyclopod copepods and ostracods as well as a 
micro-flora and fauna. The duration for a secondary filtration run 
varies between two weeks during hot summer months and more than five 
weeks in spring, as will be seen later in chapter 3. The filtered 
water is then exposed to 2.5 ppm of chlorine gas to disinfect the 
water and to prevent any contamination during its passage inside the 
distributing system.
1.3 History of the slow sand filtration;
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Comprehensive accounts of the historical development of slow sand 
filtration has been given by Lloyd (1974) and summarised by Lodge 
(1979) and Goddard (1980). The first attempt to treat water for 
drinking was made in Scotland (1804), using a small experimental slow 
sand filter. After successful trials, filtration treatment was 
adopted in 1829 for the public supply by Chelsea Water Company in 
London (Baker, 1948). By 1852 and according to the Metropolis Water 
Act, the water of the River Thames had to be filtered before being 
supplied to the public. Until that time slow sand filtration was 
concerned only with the removal from water of its turbidity and 
suspended solids. Following the discoveries of Pasteur, Koch and 
others, examination of the water supplies was extended to include 
bacteriological examination as well. After that, water purification 
was developed and controlled by the Metropolitan Water Board of London 
and more recently by the Thames Water Authority.
The history of the slow sand filtration in the United States has 
been one of slow and reluctant acceptance, in contrast to the European 
experiences (Logsdon and Fox, 1988). Installation of both slow and 
rapid sand filters took place between 1890 and 1900, but early in this 
century rapid filters were built in huge numbers. By 1940, U.S.A had 
about 100 slow sand filters and about 2275 rapid ones. In the late
1970's and early 1980's, the potential for application of slow sand
filtration in the States was reconsidered for two main reasons;
1) The successful application of that type of filtration in other 
parts of the world such as England and Holland.
2) The efficiency of the slow sand filters in removing both bacteria
i
and viruses as well as the possibi^ty that it might be effective in
removing Giardia cysts.
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Due to the high quality of the water treated by slow sand filters 
for the human consumption, it was reconj^nded by the World Health 
Organisation at 1970 to apply this type of water purification for the 
developing countries which may have refugee camps or may suffer from 
shortage of drinking water and where the land and the manpower were 
cheap. Accordingly, there were attempts to introduce them in Africa 
(Mbwette and Wegelin; 1984), Asia (Vigneswaran; 1982), South America 
(Lloyd, Pardon and Wheeler; 1988).These introductions still need more 
study in order to gain Experience on how slow sand filtration operate 
and perform in these countries. In Egypt, there were some trials to 
r^use the sewage water to irrigate the cultivated areas in some arid 
places after purifying that waste water (Neis, El-Gohary and Pinnow 
1987). This project was begun under the superevision of the National 
Research Centre of Egypt.
Structure of the slow sand filter bed:
The slow sand filter unit consists mainly of the filter box and 
the filter control system (Huisman and Wood; 1974).
I- The filter box: this consists of 1 metre deep supernatant water
reservoir, 0.75 m of sand and gravel in the filter bed and the 
under-drainage system (figure 1.1).
raw watar I n la t
•u p a m a U n t watar 1 meter
075 meter
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1) The supernatant water reservoir:
It consists of an upright extension of the filter box walls its depth 
is around 2.5 meters above the sand surface, and the water depth is 1 
metre.
2) The filter bed:
The medium through which the raw water is passed is normally a 
selected sand composed of rounded, hard, durable grains, free from 
fine clay and from organic matter. Experience showed that a certain 
degree of sand uniformity was desirable to ensure a suitable regular
pore size and a sufficient porosity. The sand is graded and
classified according to its 'effective diameter', 'uniformity
coefficient', porosity and the morphology and specific diameter of the 
sand grain. The 'effective diameter' is defined as dlO or the size of 
s\tve aperature through which 10% by weight of the sand will just 
pass. This is normally about 0.3 mm but was found to be 0.2 mm in the 
Ashford Common filter beds. The 'uniformity coefficient' (U) is 
defined as the ratio between d60 and dlO, normally varies between 2
and 1.5 and was 1.8 in the beds studied. The porosity of the sand is
39.5% and represents the volume of interstitial space such that water 
approaching the filter bed at x cm/h will pass through the
interstitial spaces at a velocity of 2.7X cm/h (Huisman and Wood,
1974). All these properties of the sand medium are necessary to
ensure a good effluent quality and to inhabit the deeper penetration 
of particles that might clog the interstitial spaces.
3) The under-drainage system:
The under-drainage system plays an important role in the efficient 
operation of any filter. It supports the filter medium and provides 
an unobstructed passage way for the treated water to leave the
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underside of the filter bed. Above the drainage system and below the 
filter medium there should be about 15 cm depth of gravel which 
prevents the sand from passing downward and thus choke the drainage 
system. This gravel should be arranged in carefully graded layers 
ranging from fine at the top to coarse at the bottom whose effective 
diameter is at least double the size of the drainage system openings.
II- The filter controls: These are certain regulators and valves
which control the operation of the filter running and make it perform 
successfully in accordance with the calculated hydraulic 
characteristics. These controls must be available for delivering raw 
water into the supernatant reservoir, draining off the supernatant 
water before the cleaning of the bed, controlling the filtration rate 
and adjusting it with increasing bed resistance or head loss and thus 
preventing the occurrence of a negative pressure within the filter 
bed.
Operation and maintenance of the slow sand filter
The operation of the slow sand filter bed is determined by the 
filtration rate which is controlled by a single regulating valve on 
the effluent outlet. The inflow of water is adjusted to keep the 
water level in the supernatant reservoir constant at all times. As 
the filter run progresses that valve is checked and opened gradually 
to compensate for the clogging of the bed and to maintain a constant 
filtration rate. Towards the end of the duration of a run, the 
filter-bed resistance or head loss increases rapidly with a 
fully-opened effluent valve, indicating the necessity for cleaning the 
filter bed by r e m o i / i ^  the surface sand layers.
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The reports of the Metropolitan Water Board (Windle-Taylor, 1974) 
show that it is possible to run experimental filters at filtration 
rates of up to 50 cm/hr without any deterioration in the chemical and 
bacteriological characlls of the effluent water.
The flow of water through any filter bed depends on three factors 
(figure 1.2):
sand- -à
= K (Hi - Hg)
i) The raw water head (HI) metre,
ii) The filter water head (H2) metre,
iii) The filtration rate (Vf) mP/m^/hour.
These factors are related together according to Darcy's law which 
states that " the velocity of the flow is directly proportional to the 
head loss" and they can be expressed in the following equation:
Vf = K (HI - H2)
where H1-H2 indicates the head loss, K (m/h) indicates a coefficient 
depending on the hydraulic properties of the filter-bed e.g bed 
thickness, grain size 3hape and porosity and clogging of the bed. 
Cleaning of the filter bed: After draining the water from the bed,
cleaning of the filter bed is carried out by manned vehicles which 
scrape the surface with blade shovels thus removing the Schmutzdecke 
and upper 2-3 cm sand with the skimming machines. This sand from 
different filter beds is transported in order to be washed. The newly 
exposed sand surface of the bed is smoothed to an even surface in 
order to make the bed ready for the next filter run. The cleaning and
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smoothing of the bed is carried out as quickly as possible in orAt^ to 
minimize the bacterial contamination from the air and birds, to 
shorten the re-ripening of the bed (this process was carried out 
within 24-36 hours mostly at Ashford Common) and to avoid loss of 
filtration time.
Re-sanding of the filter bed;
As the fitrations are proceeding, more raw water particulate 
matter will be deposited into the sand of the bed at different depths. 
After certain numbers of skimmings, the sand depth will reach to its 
minimum designed level of 30 cm and hence the sand of the filter bed 
must be replaced by a new sand using a special technique known as 
"trenching". This involves digging a trench down to the gravel, 
adding new sand to it and pulling the old sand on top of the new sand. 
The use of this technique ensured that re-ripening of the bed will 
occur within minimum time due to the presence of the active material 
at the top layers.
Mechanisms of filtration;
Slow sand filtration is accompanied by the passage of raw water 
through the sand of the bed during which the particles are either 
retained on the sand grain surfaces or converted bio-chemically into 
simpler forms. There are various mechanisms involved in that process; 
1) Transport mechanisms
i) Straining; which occurs at the filter surface and in the
surface sand layers. It is responsible for the retention of particles
too large to pass through the pores between the sand grains.
ii) Sedimentation; the sedimentation efficiency is a function of 
the ratio between the surface and the settling velocity of the 
suspended particles. The large and heavy particles (> 4^m in
diameter) will be removed completely by sedimentation, the smaller and
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lighter ones (< 4um in diameter) will be partially sedimented and
flocculation will increase its sedimentation, while the colloidal 
matter (<lum in diameter) will not be removed by sedimentation.
iii) Inertial and centrifugal forces: these forces act upon the 
suspended particles having higher specific gravity than that of water 
causing them to leave the flow stream and be intercepted by the sand 
grains.
iv) Brownian movement : it is a random vibratory movements that
bring the colloidal particles into contact with the wall of 
interstices between the sand grains.
v) Mass attraction (Van der Vaals force): it is a weak force,
but it is important in holding the suspended particles to a grain
surface once the contact has been made.
2- Attachment mechanisms
i) Electrostatic attraction force: which occurs between the 
electrically opposite charges. Clean sand (quartz) has a -ve charges 
attracting the +ve charged particles as inorganic colloids and 
repelling the -ve charged particles as organic colloids and bacteria. 
This may give a reason for why the newly resanded bed is not effective 
in retaining bacteria. With the time the +ve charged particles will 
accumulate on the sand grain and change its surface into a +ve one and 
hence it becomes able to attract the -ve charged particles as bacteria 
and so on throughout the life span of the filter bed.
ii) Van der Waals force: which mentioned previously and it is 
efficient in keeping the particles attached to the sand grain once the 
contact has been done.
iii) Adhesion; the deposited organic particles on the sand 
grains provide a suitable growth medium for bacteria and other 
micro-organisms. These organisms, their metabolites and other dead 
cells form a matrix on the sand grains.
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3- Biological mechanisms
The main function of the slow sand filter bed is to trap particles and 
breaking them down into simple and mineral forms. This process is 
affected by chemical and bacteriological oxidations. Therefore, the 
bacterial populations are dependent upon the suspended organic matter 
brought in by the inflowing raw water and consequently bacterial 
activity flourishes in the upper layers of the slow sand filters and 
declines with depth where the organic matter is less. There are
certain factors affecting these biological processes and the most
important factors are;
i) Filtration rate; It is very important to operate all the runs
of the filter beds without interruption and at a more or less similar
filtration rate both to maintain the bed in an aerobic condition and 
to make it perform maximally for water treatment.
ii) Inflowing raw water; whose quality should be kept without 
any sudden change to obtain good effluent water quality. This is 
achieved by both residence in reservoirs and the pre-treatment phase.
iii) Oxygen content; Filter beds work aerobically. They are 
always in danger of becoming anaerobic because of its high populations 
of bacteria. This danger is mainly in summer when high algal 
respiration at surface increase respiratory demands.
iv) Temperature; the efficiency of the slow sand filtration may 
be greatly reduced by the low temperature due to the decrease in 
metabolic activities of bacteria and other micro-organisms.
1.4 Ecology of bacterial, algal and ciliated protozoan populations:
Bacteria constitute the major part of the biomass and the basic 
trophic level in all stages of biological treatment of water. The 
main reason for the success of bacteria, in comparison with other 
protists, in degrading the complicated compounds that are present is
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directly related to their small size and their relatively large 
surface area to volume ratio which increases their capacity for 
exchanging nutrients and catabolites with their suspending fluid.
Bacterial communities in sewage treatment works have been 
well-studied and are probably most comparable to the communities in 
slow sand filters. They are known to be complex and different genera 
are present besides the dominant ones which are heterotrophic 
Gram-negative rod-shaped bacteria with polar flagella (Pike, 1975). 
He found that the condition of the sewage plant operation, climatic 
factors and the nature of the used water will influence the 
composition of the microbial community where bacteria can display 
relatively quick adaptations to the new substrates.
According to Crowther and Harkness (1975), bacteria can be 
divided into two main types according to their responses to the free 
oxygen; aerobic bacteria which are capable of growing when free oxygen 
is present and anaerobic bacteria. The latter category can be divided 
into two sub-groups; obligate anaerobes that can not grow in the 
presence of oxygen and facultative anaerobes which are able to grow 
with or without oxygen present and the latter group is considered as a 
bridge between anaerobes and aerobes. There is another group known as 
micro-aerophils which prefers lower oxygen levels and this can be 
regarded as bridging the gap between obligate and facultative 
anaerobic bacteria. The sewage treatment processes of the percolating 
filters and the activated sludge are basically aerobic and these stop 
if anaerobic conditions prevail.
The role of bacteria was studied by Dr N. Burman in relation to 
the efficiency of performance the slow sand filter beds. He found 
that bacteria can remove the dissolved organic compounds from the 
interstitial water. This was reported by the Metropolitan Water Board
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(Windle-Taylor, 1974) in experiments involving the adding^ phenol to 
the raw water. The bacteria were found to be very efficient at 
removing this organic compound from the interstitial water, even in 
very high concentration. Schmidt (1977) found that 70-90% of the 
detergent alkylbenzene sulphonate entering the slow sand filters used 
for ground water recharge was removed by bacteria after a period of 
acclimatisation.
Numerous studies have been carried out concerning the effect of 
ciliated protozoans on bacterial populations, as will be seen at the 
end of this chapter.
The work of Bellinger (1968a, 1968b and 1979) provides some
information on the algal species which inhabit slow sand filters in 
the Thame Valley area. He found that algal populations may be divided 
into those that live (1) in the supernatant water, (2) on the sand 
surface and (3) below the sand surface. Each of these three habitats 
had its own characteristic algal flora whose behaviour could affect 
conditions within the bed and bed operation. The supernatant algae 
were mainly planktonic forms of small, fast-growing species which may
or may not be motile. Common genera were Scenedesmus, Ankistrodesmus,
f
Chlamydomonas and Calteria. Large growths of these algae could cause
/
severe light attenuation. During bright sunlight and high 
photosynthetic activity, a substantial proportion of the organic 
photosynthate may be "leaked" extra-cellularly into the water and pass 
into the sand in metabolizable forms available to bacteria. The 
benthic algae on the sand surface are mainly slow-growing filamentous 
or non-filamentous forms capable of attachment; filamentous green 
algae, diatoms and cyanobacteria, attached pennate diatoms and 
Cladophora. These form the complex schmutzdecke layer during the 
latter part of summer runs and they normally lie flat on the sand 
surface but may be buoyed up by excess photosynthetic oxygen trapped
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as bubbles. The weight of algal material grown can be considerable 
and influences the diurnal oxygen regime within the sand. Not all the 
surface algal forms are attached and some of these are motile and 
capable of both penetrating into the semd and moving downwards. For 
example, Bellinger (1979) has demonstrated that certain species of the 
diatom genera of Nitschia and Navicula can penetrate down to 30 cm 
depth or deeper, thus contributing to the chlorophyll-a content of the 
sand.
Protozoan organisms have colonised a wide spectrum of different 
habitats. Their ability to be ubiquitous is mostly due to their 
physiological and behavioural adaptability, their small size, rapid 
growth rates, ability to encyst and their tolerance of polluted 
conditions (Curds and Hawkes, 1975; Laybourn-Parry, 1984). In aquatic 
ecosystems, protozoa are either pelagic or benthic forms. The benthic 
zone is usually the richest in terms of living or non-living organic 
matter and, accordingly, it is more heavily inhabited by these 
unicellular organisms. Several investigations and studies of the 
freshwater benthic protozoan communities have been made. Webb (1961) 
recorded 128 different protozoan species in Cumbrian lakes, the 
majority of which were ciliates andahe found that the abundance of the 
protozoa was related to the oxygen availability near the bottom 
sediments. According to Fenchel (1987), the benthic ciliate fauna of 
lakes has been studied most throughly in the English Lake District and 
in a eutrophic lake in Scotland (Bark,1981; Finlay,1978, 1980, 1981, 
1982; Finlay et al.,1979; Goulder, 1974 and Webb,1961). In these 
lakes the ciliate population densities are very high, several 
thousands/cm^ and, in aerobic sediments, their density peaks in summer 
time. There is also a seasonal variation in the composition of the 
species, where some species occur throughout the year and others occur 
during summer only. There are also studies of the protozoan
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communities in the benthic zones of marine and brackish habitats 
(Fenchel and Jansson, 1966; Muus, 1967; Fenchel 1967, 1968).
According to Faure-Fremiet (1950), Faure-Fremiet (1951) and 
Borror (1968), it was found that ciliated protozoa are adapted also to 
the interstitial sand environments of 0.1 to 0.3mm particle diameter 
and these can be classified into microporal (e.g Lacrymaria olor), 
mesoporal (e.g Glaucoma sp.) and euryporal(e.g Tetrahymena sp.) 
ciliates.
Fenchel (1978) studied the ecology of the micro and meiofauna of 
the benthic zone of marine sand. He found that ciliates were the most 
abundant group among all the other organisms within sand grain of 0.1 
to 0.2mm in diameter.
Protozoa have established themselves in man-made habitats for the 
treatment of used water. The aerobic protozoan communities of the 
sewage and the used water treatment works play an important role in 
producing a clean water of good quality (Curds, 1973, 1975^ Curds and 
Cockburn, 1970a,b). Sewage treatment works in U.K are divided into 
two processes; the activated sludge and the percolating filters. 
Densities of 50,000 protozoan/ml have been recorded in the mixed 
liquor of the activated sludge which is equvalent to 5% of the dry 
weight of the suspended solids in the liquor (Curds,1973). It is 
worth mentioning that the most comprehensive study of protozoa and 
their role in sewage treatment has been carried out by Curds and his 
co-workers who proved that Ciliatea was the most abundant group, 
followed by Rhizopoda and Phytomastigophora (Curds and Hawkes,1975).
Curds and Cockburn (1970a,b) found a correlation between the 
presence of the protozoan communities and the quality of the effluent 
water in the activated sludge. They found that if the plant has a 
wide variety of ciliated Protozoa, the effluent will be of good
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quality with low BOD and low suspended solids and the reverse was also 
true. This was explained on two bases (Laybourn-Parry,1984):
1- Bacterivorous ciliates are able to graze high densities of 
bacteria.
2- Some ciliates have the ability to flocculate suspended 
particulate matter and bacteria.
Curds (1973) found that the sewage treatment ciliates can be 
classified into three groups; free-swimming species which move in the 
liquor or the surface microbial film of the activated sludge, crawling 
ciliates which crawl on the surface of the floe and stalked species 
which attached to the floe.
Lloyd (1973, 1974) used a special strip sampler, 2.5 cm x 50 cm, 
to study the microfauna and meiofauna of the slow sand filters at 
Walton and Ashford Common Treatment Works. These strips could be 
removed at intervals and examined under low power microscopy with the 
sand and organisms still in situ. He recorded the presence of 33 
species or genera of protozoans, which included 8 spirotrichs, 8
peritrichs, 11 holotrichs, 3 suctorians and 3 rhizopods. The commoner
&
species or gen^a were Tachysoma pellionella, Oxytricha spp, Uroleptus
spp and Aspidisca sulcata amongst the spirotrichs; Vorticella
campanula and V convallaria amongst the peritrichs; Litonotus
fasciola, L. carinatis, Loxophyllum spp, L. meteagus, Cyclidium spp,
Cinetochilum heptaricum and Glaucoma microphyllii amongst the
&
holotrichs. There was also a common suctorian,Sp^erophyra pussilla. 
Lloyd (1974) described the dominant microfaunal and meiofaunal forms 
and compared the effect of different filtration rates of 15 cm/h and 
45 cm/h upon their depth distributions. He found that the ciliates 
and rotifers were the most abundant groups, irrespective of the flow 
rates in operation. By experimentally manipulating his strip sampler, 
he was able to show that both Vorticella spp and Tachysoma pellionella
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play a significant role in the removal of bacteria in slow sand 
filters. Lloyd's method of observing live ciliates J.n situ was to be 
preferred to Richard's (1974) technique of extracting protozoans from 
sand samples by taking the latter in Chalkey's medium prior to 
culturing the supernatant water in order to count the survivors. The 
most numerous offspring of the survivors of her extraction technique 
were amoebae, flagellates and ciliates.
Lodge (1979) studied the ecology of the meiofaunal populations, 
with special reference to the oligochaete worm Enchytraeus buchholzi 
in the sand filter beds at Hampton Works which were being run at 0.2 
m/h. She devised the sampling core technique for collecting sand 
samples of known run age from an operational bed which was 
subsequently adopted by both Goddard (1980) and the present author . 
The sampling cores were laid out at random after the cleaning of a bed 
and subsequently lifted with the aid of a pole and a boat. Lodge 
(1979) also designed mark I of a model filter column for experimental
work which was later improved in a mark II version and which was
subsequently employed by the present author. Both the sampling cores 
and the model filter are desc/fbed later in more detail.
Goddard (1980) studied the ecology of the microfaunal
populations, with special reference to the flagellates and ciliates in 
the slow sand filter beds at Hampton Treatments Works and she examined 
the effects of some physical factors on the distribution of those 
microfaunal organisms in slowly operated (0.2 m/h) and fast-run (0.4 
m/h) beds. However, most of her work was on beds run at 0.4 m/h. She 
recorded 37 species or genera of ciliates, an amoeba, heliozoans and 
flagellates. The ciliates included 8 spirotrichs, 11 peritrichs, 15 
holotrichs and 3 suctorians. The commoner species or genera were 
Glaucoma sp, Cyclidium heptaricum, Cinetochilum margaritaceum, 
Chilodonella sp, Lacrymaria olor and Litonotus spp amongst the
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holotrichs; Tachysoma pellionella, Aspidisca costata, Oxytricha spp 
and Stentor polymorphus amongst the spirotrichs; Vorticella spp 
amongst the peritrichs and the flagellates occurred in thousands per 
cm^ which was ten or a hundred times more dense than the ciliates. 
Several aspects of Goddard's results will be compared with the present 
findings and so will be considerej in detail later in the thesis. 
The technique which she developed for quantifying the bacterial 
populations in the sand proved workable, was adopted for this present 
work and has provided unique information on how the bacterial 
populations behave during the time course of a slow sand filter run.
Although he did not seriously include the protozoans amongst the 
living organisms that he studied, the work of Bayley (1985) is 
interesting because he compared the ecology of the meiofauna in slow 
sand filters at Ashford Common and Surbiton which are run at very 
different filtration rates. The rate at Surbiton was 0.1 m/h which is 
much slower than the usual rate of 0.2 m/h at Ashford and the 'high' 
rates of 0.4 m/h operated during the course of the present study. 
There were other important differences at Surbiton, namely that there 
was no primary treatment. Bayley (1985) used a grab-sampler which 
collected a sample of the top 2.5 cm of sand, including the 
Schmutzdecke, and which was examined for meiofauna, algal species and 
genera, chlorophyll-a and particulate organic carbon. He recorded 31 
taxa of meiofauna and 27 species or genera of algae from the 
supernatant water, the sand surface and the sand interstices.
Factors influencing the abundance of the ciliated protozoa;
There are some environmental factors which enhance the ability of 
organisms to live, grow and reproduce within their existing range, 
whilst other factors may exert an inhibitory action on these 
unicellular organisms. Ciliated protozoan populations are highly
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tolerant of wide ranges of some environmental factors such as 
dissolved oxygen, temperature, hydrogen-ion concentration, salinity, 
carbon dioxide, ammonia, light and flow rate (Bick,1972' Curds,
1975).
Dissolved oxygen is one of the most important ecological factors 
that control the presence or absence of a particular protozoan since 
most of the Protozoa are aerobic, only a few are anaerobic and some 
are facultative anaerobes. In slow sand filters, only aerobic forms 
exist.
Generally the activity of an organism, including the Protozoa, is 
affected by temperature where the growth rate increases with the 
increasing temperature up to an optimal rate which may near the upper 
limit of the treatment range over which division is possible (Curds,
1975). Some work has been done in an attempt to correlate seasonal 
fluctuations in temperature with the performance of protozoan 
populations; however a correlation like that in the field does not 
necessarily mean that temperature is directly influencing these 
organisms. It might act indirectly through food chains or through the 
predators of species concerned (Gray, 1952). Gray found that ciliate 
densities were at their minimum in July when water temperature was at 
maximum and when their predators (dipteran larvae) were at their 
maximum densities. Brown (1965) found no evidence to suggest that 
there was any relation between water temperature and the performance 
of protozoan communities of an activated sludge.
Light is a very important source of energy for photosynthetic 
organisms in rivers, lakes and ponds, but does not appear to be 
significant for some used-water treatment processes (Curds,1975). 
Different light conditions was a variable in the present study at 
Ashford Common slow sand filter beds.
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The availability of food was found to be one of the most 
important ecological factors which affect the abundance and the 
distribution of protozoa in nature (Sandon,1932; Curds,1975 and 
Laybourn-Parry,1984). Protozoa may be classified into three trophic 
categories;
\ 1) Photoautotrophs which includes all members of the
Phytomastigophorea. These fix carbon dioxide and water in the 
presence of sunlight to build up their organic materials which are
then available to herbivores. These protozoans contain chlorophylls.
2) Photoheterotrophs which include some of two classes;
Zoomastigophorea and Phytomastigophorea. They are unable to fix 
carbon dioxide in the presence of sunlight and depend on the dissolved 
compounds present in the environment.
3) Chemoheterotrophs that require chemical energy and organic carbon 
sources. This group includes;-
i- Microbivores which feed on bacteria.
ii- Herbivores which feed on either algae (Algivores) and/or 
flagellates (omnivores).
iii- Carnivores which feed on the micro- and herbivores.
iv- Omnivores which feed on a range of particles, including
detritus.
Studies of the depth distribution of the ciliated protozoa show 
that the highest densities of these organisms are recorded in the 
surface of sediments (Fenchel,1966j Agamaliev, 1970), in activated 
sludge and the percolating filters (Curds et al, 1968; Curds,1971a) 
and in the slow sand filter beds (Lloyd,1974; Goddard, 1980).
1.5 Interaction between ciliates and bacteria;
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Bacterial populations are the most important micro-organisms 
playing a role in the flow of carbon, nitrogen and phosphorous in 
nature. Bacteria perform an important role in releasing nutrients 
from dead organic matter and their ability to perform this role appear 
to be affected by the presence of Protozoa. This means that Protozoa 
may play a direct and indirect role in nutrient recycling which can be 
explained in the following two points:
1) The influence of Protozoa on bacteria:
Most of the early works concerning bacteria and protozoa in 
different habitats indicate that the role of bacterivorous protozoans 
is to increase the bacterial production and to enhance the oxidation 
of organic compounds in the different habitats. This can be expained 
on two bases; the first suggests that Protozoa prevent bacteria from 
reaching self-limiting numbers, and accordingly this maintains 
bacteria in a prolonged state of high metabolic activity. This 
maintains the bacterial population in a state of physiological youth 
so that their rate of assimilation of organic materials is greatly 
increased (Johannes, 1965). The second suggestion is that some 
protozoa can secrete growth-promoting substances (Hervey and Gcreaves, 
1941; StrasboW^ova-Prokesova and Legner,1966; and Nikoljuk,1969).
Fenchel (1977) studied the stimulatory action of protozoa on the 
production of bacteria. He found that the bacterial populations were 
reduced to 50% of the ungrazed density in the presence of the 
bacterivorous protozoans. Fenchel and Jorgensen (1977) suggested that 
the abundance of the bacterial populations on the detritus are closely 
related to the surface area , that is, the availability of surface may 
limit bacterial production. They found that, in the presence of 
bacterivorous protozoans, about 20% of the surface area of detritus 
was covered by bacteria, whilst in the absence of all protozoans, all 
available detrital surface is occupied by bacterial populations.
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It is necessary to mention that Curds and Vandyke (1966) studied 
the feeding behaviour of some ciliated Protozoa on some bacterial 
strains and they found that some bacterial strains were toxic, others 
although not toxic did not support growth, whilst other strains of 
bacteria allowed good growth and reproduction of ciliates. This gives 
an explanation for why many ciliates can live in protozoan 
communities, since they do not all feed on the same type of bacteria.
2) The protozoan role in recycling the nutrients:
Nutrient regeneration is defined as " the release of soluble 
organic and inorganic nutrients from dead organic matter in different 
habitats which are necessary for primary production". Johannes (1968) 
found that bacteria are not the only group of organisms that release 
the nutrient from dead material. Much of the phosphorus and nitrogen 
incorporated into aquatic primary and secondary production may be 
regenerated by processes other than the bacterial action. This can be 
explained by knowing that some other organisms such as zooplankton and 
protozoans can act simultaneously as decomposers and nutrient 
regenerators. This is because, as a result of their metabolising the 
organic molecules in their food, they excrete nutrients such as 
phosphorus in the form of organic phosphate into the aquatic 
environment (Pomeroy et al,1963* * Satomi and Pomeroy,1965). Because
the size of the protozoans is small and their metabolic rates are 
high, they have high rate of phosphorous excretion. One protozoan 
such as Euplotes can excretes the equivalent of its body content of 
phosphorus within less than one hour (Johannes, 1965). This is very 
high compared with that of zooplankton which takes days (Pomeroy et 
al.,1963). Barsdate et al.(1974) found that the transfer of 
phosphorus from detrital materials through bacterial action to 
solution was enhanced by the presence of grazers, but they were unable
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to give the exact mechanism for that.
Carbon is another very important element cycled in nature because 
it forms one of the major components of the living cells. The 
physiological characteristics of the protozoan organisms such as high 
growth rates, division and assimilation efficiencies give them an
important role in the cycling of carbon (Stout, 1980) via their high 
carbon assimilation rates and loss through the respiration in form of
carbon dioxide. Finally, it is possible to conclude that the grazing
activities of protozoa on bacteria, their stimulatory effect on the 
bacterial production rates, their high growth rates and reproduction 
showed the valuable role played by these microorganisms in




2.1 Methods associated with the field work 
on operational beds
The main field work was carried out during 1985 and 1986 on three 
operational slow sand filter beds run at 0.4 m per hour at the Ashford 
Common Treatment Works during a period when Thames Water Authority was 
conducting performance trials in order to assess whether the volume of 
water filtered or the duration of filter runs could be increased. One 
test involved the exclusion of sunlight to reduce the size of the 
surface algal growth. Thames Water Authority contracted a commercial 
firm to design a blackcover to achieve this. It was also necessary to
be able to un-roll the cover to permit regular sampling during the
time course of a run. This proved very difficult and rather expensive 
to achieve. Considerable algal growths tended to develop in the water
on the black cover which were then decanted onto the sand surface
during the unrolling procedure. The cover consisted of a series of 
four longitudinal strips with little gaps between which allowed 
sunlight to penetrate down to the sand, thus resulting in growth of 
strips of Cladophora and an unusual heterogeneity of the sand. It was 
also extremely hard work to unroll the cover manually, especially 
during windy weather. This affected the choice of the area of sand to 
be sampled in the covered beds(see plate 2.1).
The development of the-protozoan fauna and bacterial flora was 
studied in time and depth distributions in the sand of the uncovered 
Bed 14. In the event,during 1985, Bed 5 was fully covered and this 
was sampled in a similar manner to the sampling of the un-covered Bed 
14 in order to compare their development .
In 1986, only partial cover of one end of Bed 4 was achieved(plate 
2.2) and this was compared with Beds 14 and 5 from the previous year.
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It proved possible to make a comparison between the development of the 
experimental filter model and that of Bed 5.
All the beds received water from the same source and filtered at 
a similar rate, more or less 0.4m per hour. Only the uncovered Bed 14 
was used after its resanding directly and hence the numbering of its 
runs is in sequence. This would be of great importance to study the 
maturation of an operational filter bed following the resanding.
2.1.1 Plan of field work and sampling dates
The sampling dates during the various runs of the different beds 
can be seen in table 2.1. From March to December 1985 and on each 
sampling occasion,it was planned to sample two sand cores and two 
water samples, from the top and effluent water, at weekly intervals 
for the different beds in order to have a comparable series of samples 
from the protozoan and bacterial populations together with 
concentrations of the particulate organic carbon(hencefult called POC) 
and chlorophyll-a. In addition, information was obtained on flow 
rates, head loss from Thames Water Authority. The water temperature 
above the sand surface was measured. During the period extending from 
June-October 1985, Bed 5 was studied as a covered bed compared with 
the uncovered Bed 14.
However, due to the difficulties of handling the cores of Bed 5, 
Thames Water Authority decided to stop this performance trial from the 
middle of October 1985 onwards. It was therefore planned to study 
instead the partially covered Bed 4 for two successive runs from July 
to October 1986. The partial cover was done by using a thick dark 
floating sheet of 34.2 meter length and 7.0 m width which was placed 
along the marginal width of the bed (34.2 m). Such a cover was
supported in its place by the help of strong wires fixed to the 
barriers surrounding the filter bed.
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Table 2.1. Sampling dates in 1985 for different runs at the uncovered 
bed(Bed 14) and the covered bed(Bed 5) at Ashford Common.
[ c = POC ch = chlorophyll-a
b = bacteria P = ciliated protozoa
Runs are numbered in chronological order ] 
********************************************************
Run uncovered bed(Bed 14) Run covered bed(Bed 5)




























































N.B ***** Run 9 was
bacteria, POC, and chlorophyll-a.
While it was planned to sample weekly as shown in table 2.1 in 
the uncovered Bed 14 throughout the nine runs of its duration, it was 
impossible to sample four times a week as working began with the
covered Bed 5 during the period extending from June to October 1985.
Therefore, a decision was taken to sample from Bed 5 whenever possible 
although bearing in mind the need to collect a sample within the first 
few days of the run.
A sample was taken on the first or the second day at the start of 
a new run in order to assess the initial bacterial density at a time 
when the ciliates were sparse.
The period extending from July to October 1986 was used to sample
from both the partially covered Bed 4 and the slow sand filter model
in the laboratory as shown in table 2.2. Due to the long duration of
Bed 4 runs and the relative short running time of the filter model,
there were no simultaneous sand sampling for both and consequently no
obstacle was found to sample more than once a week at Bed 4.
Table 2.2 Sampling dates for the different runs at the
partially-covere bed(Bed 4) and the experimental 
model,1986. 
c = POC ch = chlorophyll-a
b = bacteria p = ciliated protozoa
**************************************************
a] Bed 4
Run Date Samples Run Date Samples
No. taken No. taken
1 28.7.86 b-c-ch 2 *4.9.86 b-c-ch-p
1 30.7.86 p 2 *8.9.86 b-c-ch-p
1 *4.8.86 b-c-ch 2 15.9.86 b-c-ch-p
1 *11.8.86 b-c-ch-p 2 22.9.86 b-c-ch-p
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2 *18.8.86 b-c-ch-p 2 *29.9.86 b-c-ch-p
2 27.8.86 b-c-ch-p
* Dates in which measurements were done for both the 
partially covered bed and the experimental model.
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b] The filter model
Run
No.
Date Run Date Run Date Run Date
No. No. No.
4.7.86 2 8.8.86 3 8.9.86 5 14.11.86
5.7.86 9.8 9.9 17.11
6.7.86 10.8 10.9 18.11
7.7.86 11.8 11.9 19.11
8.7. 12.8 *** 20.11
9.7. 13.8 4 21.10.86 21.11
10.7. 14.8 22.10 22.11
11.7. 15.8 23.10 23.11















The operation of the filter bed is determined by the filtration 
rate which is controlled by a regulating valve on the effluent outlet. 
The inflow of water is adjusted using that valve to compensate for the 
clogging of the bed as the run is going on to keep its water level 
constant all the times. As the filtration run is going on, water 
organic matters are deposited, spaces between the sand grains are 
reduced and consequently the bed resistance begins to increase 
gradually with the run age. Accordingly, the difference between the 
raw and the filtered water levels(head loss) start to increase. 
According to Huisman and Wood(1974), the consumed time to build that 
resistance is, dependent on the amount of the raw water'suspended 
material, the filtration rate and the sand grain sizes.
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Increasing of the bed resistance is followed by more head loss 
which necessitate to open the effluent valve to compensate the bed 
clogging and to maintain a constant filtration rate. When the head 
loss begins to increase in an exaggerated manner with a fully opened 
regulating valve "Jacking up" this gives an indication that the run 
must be stopped and then the Work's manager decides the time to clean 
the bed by taking off the top 2-3 cm including the Schmutzdecke. in 
order to prepare the filter bed for the next run. As shown in 
appendix 2.1, the time elapsed for cleaning the filter bed is two days 
mostly so as to keep the contamination to a minimum.
It was necessary to sample the sand microorganisms at frequent 
intervals because of their high division rates as well as to sample 
them from different depths of the sand. Counts had to be made on live 
ciliates in order to be able to identify them to species. In 
addition, for both bacteria and ciliate samples, there was a long 
period of laboratory handling involved; 9.5 and 22-36 hours 
respectively. For these reasons, it proved necessary to sample at 
weekly intervals but to remove the two cores on different days. On 
Mondays, the collected sand core was used to determine the depth 
distribution of bacteria shaken off the sand(at 1,2,3,4,5,10,15,20,25 
and 30 cm depths if nothing various was mentioned) as well as to 
produce subsamples of sand for estimation of chlorophyll-a and POC(at 
1,2,3,4,5,6,7,8,9,10,15,20,25 and 30 cm depths if nothing different 
was listed) carried out by Thames Water Authority at Wraysbury 
Laboratory. Adding to that top and effluent water samples were 
collected to determine their bacterial densities. On Wednesdays, the 
sand core was used to determine the depth distribution of the ciliated 
protozoa(at 1,2,3,4,5,10,15,20,25 and 30 cm depths if nothing 
different was mentioned) which were washed off the sand and sedimented 
in counting chambers.
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For some runs(2,3,4,5,6 and 7) of Bed 14, bacterial and ciliate 
counts were made on the sand used to fill the cores prior to insertion 
in the bed. At the same time, measurements were made for POC and 
chlorophyll-a. These data could be seen in table 2.3.
55
Table 2.3 Ciliate, bacterial, POC and chlorophyll-a values/cm3 
sand of the sand used for the filling of the sampling 
cores prior to insertion in the uncovered Bed 14,1985. 
******************************************************
Run Total ciliates Bacteria Carbon Chlorophyll-a
(lOf /cm^ sand) (10*/cm3 sand) (mg/cm* sand) (ug/cm3 sand)
2 0.039 0.041 _
3 0.072 0.175 —  —  — —  —  —
4 0.072 0.121 0.06 0.16
5 0.105 0.204 0.08 0.14
6 0.105 0.134 0.09 0.19
7 0.085 0.219 0.06 0.15
This table showed that the obtained data from the sand of the sand
bay, i.e at zero time of the run, were more or less similar to those
of the lower depths of the first few runs on the first sampling date
as shown in appendices 2.2, 2.3, 2.4 and 2.5 for the depth
distributions of total ciliates, bacteria, POC and chlorophyll-a 
respectively.
2.1.2 The sampling device
A sampling device to be used to remove cores of sand whilst the
filter beds were in operation must not interfere with their
operational functioning.
As the depth of the sand in the filter bed is 75 cm after 
resanding, sampling cores of about 30 cm length were found to be 
convenient in use. After a normal bed duration of about 2 years, the 
sand depth of the bed is reduced to about 40cm so that the sampling
core could not be longer than 30 cms because this will be the minimal
depth required for the biological oxidation zone(Huisman and Wood; 
1974).
In addition, the gap between the outer and the inner cores should 
be closed by the plastic collar to avoid the direct passage of top 
water into the effluent, with its possible contamination. Adding to 
that, the sampling device should be removed and replaced easily in
56
order not to leave holes in the filter bed.
The design of the sampling device used had to fulfil certain 
requirments. According to Ives (1966), the diameter of any filter 
model through which water passed vertically must exceed 50 times the 
largest sand grain size in order to make the boundary effects of the 
device negligable. Knowing that the largest appreciable sand grain 
size collected from Ashford is 0.2 cm, hence a core of 10cm diameter 
was applicable in this study(Ives 1966 and 1970).
The sampler used is shown in plate 2.3 and was designed by Lodge 
(1979) to study meiofauna and subsequently employed by Goddard (1980) 
to study protozoa. It was adopted un-modified to the present study, 
having been found to be satisfactory. It consists of an outer core ( 
310 mm length and 150 mm inner diameter ) and an inner one ( 310 mm
length and 100 mm inner diameter ). Both cores are made from PVC
drain pipes. A collar made of plastic of 108 and 160 mm as small and
large diameters respectively was used to seal the gap between outer 
and inner cores. The inner core is divided longitudinally into two 
halves, to one of which is attached a perforated perspex basal
plate(100 mm diameter) with a screw(plate 2.5.f). The slits between 
these halves must be sealed using a strong adhesive plastic tape and 
the two parts were held together by two suitable jubillee clips (9-11 
cm diameter). Each of the outer and the inner cores are attached to 
numbered polystyrene floats by two one meter bamboo canes and two 
strong cords. The strong thread connecting the two jubilee clips was 
looped over the top of the inner core allowing the lower cord of the 
cane to be attached using a paper clip. It was therefore possible to 
remove and replace the inner cores while the bed was in operation.
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Coring devices which have been made and developed for sampling 
mud and sand sediments (Fortier- Blaney,1928; Hopkins,1964; and 
Maitland, 1969),are normally pushed in and this may compact the sand 
of the bed and damage organisms. Another sampling device which used 
by Lloyd(1973) to collect protozoan organisms in slow sand filters was 
made of two parallel transparent glass sheets of 30x25 cm keeping very 
narrow space 1mm inbetween filled with sand grains and inserted into 
the sand sediment. This installation may affect the filtration rate 
in-between these sheets due to the high ratio between its internal 
surface area and its volume. Therefore,it was decided to adopt that 
device designed by Lodge to collect sand samples in the filter beds in 
order to avoid all these problems,namely,to avoid mixing clean and top 
sand of the sample, compacting of the sand, affecting the filtration 
rate,leaving holes in the bed keeping the deep sand without 
contamination and consequently the filtered water free from any 
contamination as well.
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Figure 2.1 The uncovered bed(Bed 14) and its chosen central 
sampling area.
Due to the large size of the filter bed at Ashford Common 
Works(3078 sq.m), it" was necessary to chpse the sampling area as a 
square in the centre of Bed 14 to avoid any edge effects in the filter 
bed that may not be representative. Unfortunately, sampling in such a 
central area was not possible in beds 4 and 5 when they were covered, 
for reasons mentioned later.
The sampling area was chosen in Bed 14 as a central square of 
15.82m sides whose area is equivalent to 8% of the total bed 
area(90.0x34.2 sq.m). The length of the sampling area was decided by 
multiplying the diameter of the outer core (15.82 cm) by 100 
(Lodge,1979). This represented a potential of 100 X 100 potential 
core samples. A series of randomly selected sampling stations were 
determined for any one run by the following procedures:
-In figure(2.1), the values for a and b values were taken from the 
random digit tables and they varied between 0 and 99. Using a,b and 
c, Y and X can be calculated mathematically with the help of the 
Pythagoras theorem.
-After fixing two rods at positions M and N and with the help of two 
tape measures, position L was determined for various values of X and 
Y. Suitable holes were dug at the different positions of L, the outer
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and inner cores were placed as shown in photographs(plate 2.4 a,b,c 
and d). This process needs two persons to manage the placing of the 
cores in the bed in the inter-run period of 1-2 days normally 
available. Usually 18 cores were set out unless somthing else was 
mentioned.
Due to the difficulties of the rolling and un-rolling of the 
covered Bed 5 and the positions of the giant levers attached to the 
cover strips,as shown in plate 2.1, such a procedure was not possible. 
Instead the cores, usually 7 in number, were placed in the bed below 
the cover strip nearest to the side of the bed but as far away from 
the edge as was possible. They were arranged in a zig-zag 
longitudinal series(figure 2.2).
In Bed 4(plate 2.2), normally 18 cores were placed in a transverse 
zig-zag arrangement as shown in figure 2.2 so as to be under the bed 
partial cover but still not too near to the margin.
.
single Iran s. • ' satT^ng cores•
sheet
Bed 4 Bed 5
Figure 2.2 The zig-zag arrangement of the cores in the 
partially covered bed(Bed 4) and the covered bed(Bed 5).
After finishing inserting the cores into the sand,foot tracks and 
various sand disturbance were removed to make the bed surface even as 
shown in plate 2.4.e. This prevent heterogeneous algal growth.
2.1.4 Sampling procedure
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The procedure for inserting sand cores into the filter bed was as 
follows: One day before washed sand was collected from the sand bay
at Ashford Common(plate 2.5a)in a big container and transported to the 
Zoology Department, Royal Holloway and Bedford College. The inner 
cores were filled completely with the sand, put in suitable big 
containers(each taking 6 cores ) and slowly back charged overnight to 
settle the sand down and expel the air. As mentioned previously, many 
cores were used to ensure having enough cores for sampling during the 
long runs and also to have some spare ones in case somthing went 
wrong.This was of great importance when it was difficult to collect 
some of these cores due either to the dense development of the 
Schmutzdecke on the sand surface or to the sticking of some of them as 
a result of the water pressure on the collar in-between the outer and 
the inner cores which make it impossible to pull the latter out.
On the following day, called day 0 of the run, all the 
back-charged cores inside their containers and together with their 
accessories were taken by van to the filter bed as shown in plate 2.5b 
where they were placed randomly into their final stations,as described 
earlier.
The cores to be removed after the start of a run were chosen 
randomly by writing their identification labels on small pieces of 
paper,folding and taking them one by one blindly.The cores were 
removed at different times throughout the duration of a run and one 
was always removed as soon as possible at the start of a run. The 
collection of a core required a boat in which two persons were working 
together, one for paddling and orienting the boat and the second for 
pulling up the inner core as shown in plate 2.5c. Hunting for cores 
under water was helped using a bucket with a glass bottom to make the 
vision clear below the water surface and by using a hook to pull out 
the sample tube and to replace it with another one to leave no holes
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in the filter bed. The use of that bucket made the sampling easy in 
summer because of the high levels of the suspended organic material 
and the overgrowths of Cladophora and in winter and autmun due to the 
dim light which made sampling difficult. Experience reduced the time 
to carry out this whole operation to 20-30 minutes.
2.1.5 Subsampling technique
The sand core was handled immediately at the side of the bed. 
The inner core was divided into its two longitudinal halves as quickly
as possible using a screw driver to remove the jubillee clip and a
piano wire to cut the sand(plate 2.5d). With the help of a perspex
rectangular sheet(30 x 12 x 0.6 cm) having slits one centimeter apart
and a series of aluminium slicers, each half was divided into 
hemi-circular sections as shown in plate 2.5e; this helped to avoid 
any vertical movement of mobile organisms. These divided halves were 
covered rapidly and carefully with damp muslin tissue to avoid 
dehydration. The hemicircular sections of one half were put in 
suitable jars(plate 2.5f-g) to be taken to Wraysbury laboratory for 
POC and chlorophyll-a analysis . The other half with its hemicircular 
sections was put inside polythene bags and carried quickly to the 
departmental laboratories.
In the laboratory and with the help of a brass corer of one
square centimeter cross section, one cubic centimeter sand sub-samples 
were cut at certain depths of that core's half. These sand cubes were
put into individual wells of a hemocytoraeter tray and kept in the
fridge at 5®C whilst awaiting attention. These cubes were used to
count bacteria or ciliates.
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In order to minimize errors caused by multiplication, predation 
or natural death of the bacteria and protozoa, the whole procedure 
from sand collection to the final counting of bacteria and ciliates 
had to be done within 24 and 48 hours respectively.
Samples of water were collected from just above the sand surface 
with a one litre Friedinger volume sampler with an internal
thermometer. This both measured the water temperature of the bed as 
well as collected a sample of bacteria suspended in the water.
At the end of the filtration run and when the bed was drained for 
cleaning, as shown in plate 2.5h, the cores had to be removed quickly 
and the holes to be filled with clean sand from the sand bay in order 
not to interfere with the operational procedures of the Thames Water 
Authority for cleaning the bed. This was followed by washing
carefully the cores, refilling with washed sand from the bay, and
back-charging them to be ready for the next run.
As mentioned previously, this work was done in operational beds 
which requires certain precautions to keep the water quality with no 
deteriorations at all otherwise this will affect the public health. 
Accordingly, no holes were left without replacement and no mixing 
between the sand at top and that below.
2.1.6 Extraction of Protozoa
It was decided to extract live ciliated protozoans from the sand 
by washing them out of the sand quantite^ely with filtered cold water. 
This was preferred to the use of mechanical shaking or agitation as 
the ciliates were undamaged and could be easily identified and sized.
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The live ciliates were also counted alive after concentration by 
cold sedimentation using large 100 ml sedimentation chambers, 
introduced by Utermohl(1958) for counting phytoplankton. 
Goddard(1980) was the first to modify this technique for sand protozoa 
and it was preferred over counting fixed organisms which were 
difficult to identify or size. Movements of the ciliates was reduced 
as much as possible by keeping them cold rather than by anaesthetising 
them.
A cold stage developed in the department was constructed too late at 
the end of this study.
a) Washing of the sand subsamples: Subsamples of 1cm sand were taken
from the fridge and put on double muslin tissue in funnels of about 5 
cm in diameter over 100 ml measuring cylinders as shown in plate 2.6. 
Using 100 ml burettes,the subsamples were washed with about 95 ml of 
filtered cold top water drop by drop with a slow rate. This water was 
filtered through Whatman GF/F to remove its ciliated protozoa and was 
kept cold to minimize reproduction and destruction of the extracted 
ciliates.
It was necessary to make sure that no ciliates were hidden below 
or attached to the sand grains. Therefore, the washed sand was 
transferred carefully to petri dishes with few drops of cold water to 
be examined under a binocular microscope at 10X10 magnification power 
to see if there were any attached vorticellids to the sand grains
Efficiency of washing technique: At the end of the washing of the
sand subsample, there were some detrital material passed through the 
double muslin tissue and some of the ciliated protozoan organisms were 
attached to it. The same thing was mentioned by Goddard(1980). 
Therefore,it was necessary in this study to test the effectiveness of 
the washing technique.
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This was done by washing only one cubic cm sand subsample with 
five lots of 100 ml aliquots. This was followed by sedimenting and 
counting the organisms produced by those five washings. The results 
of this test are given in table 2.^ which shows that the first washing 
removed 88.5% Of the total ciliates which had been removed after five 
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able 2.4 The numbers of different ciliate genera extracted 
from 1 cm? of sand after each of 5 successive 
washings with 100ml of filtered water. 
***************************************************
































Colpoda 0 1 0 1 0 1 0 1 0 1
Chilodonella 964 1 65 1 16 1 16 1 0 1
Cyclidium 147 1 16 1 0 1 16 1 16 1
Tachysoma 49 1 0 1 0 1 0 1 0 1
Stylon^chia 0 1 0 1 0 1 0 1 0 1
Vorticella 343 1 33 1 0 1 0 1 0 1
Hemiophrys 33 1 0 1 0 1 0 1 0 1
Litonotus 114 1 0 1 0 1 0 1 0 1
Asp i'disca 0 1 0 1 0 1 0 1 0 1
Euplotes 196 1 33 1 0 1 0 1 0 1







32 1 48 1 16
_
= 2400
X  extracted 88.5 1 7.5 1 1.3 1 2.0 1 0.66 = 100
b) Cold sedimentation: This was made by a compound sedimentation
chamber(Utermohl,1958;Leitz ltd). This unit is consisting as shown in 
plate 2.6 and figure 2.3 of two main parts; a shallow tubular chamber 
of 2 cm^ capacity, 0.4 cm high and 2.5 cm diameter surrounded by a 
square of perspex of the same dimensions and closed below by a thin 
glass cover slip and a metallic ring and the second part is above the 
former and was formed of a long tubular chamber of 2.5 cm diameter and 
100 ml capacity .It was opened from below and inserted into a plate of 
the same dimensions and so placed that it is watertight with the help 
of Gallenkamp rubber grease. On decanting the filtrate into the 
sedimentation units, each of the measuring cylinders was washed 
carefully with the remaining 5ml of mentioned cold filtered 
water.Then,these units were covered with suitable glass covers and 
kept in the fridge at 5*C(to avoid convection currents,air bubble 
formation( Vollenweider et al;1969) for about five hours.
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It vas necessary to determine the optimal time for sedimentation 
at Æ .  The duration of the cold sedimentation should not be too long 
to allow cell division or too greater mortality and it should be long 
enough to allow as complete a sedimentation as possible, bearing in 
mind that the specific gravity of protozoa is only just greater than 
water.
This test was carried out using exactly the same sedimentation 
technique as has been described but using different sedimentation 
times. After each sedimentation period, the sedimentation chamber was 
moved on to other plate chambers for two further five hours of 
sedimentation.This was followed by two more sedimentations up to 24 
and 48 hours for the same one cubic cm sand subsamples. The results 
are presented in table 2.4 and show that five hours of sedimentation 
were enough to extract 88.7% of the ciliated protozoa obtained due to 
48 hours of sedimentation. This final value of 4704 ciliates/cm^ was 
considered to be the cumulative number at the end of 48 
hours'sedimentation, but it must be borne in mind that probably death 
and/or multiplication of these organisms may affect the result of this 
test, particularlly during the last 33 hours.
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Table 2.^ The numbers of the various ciliated protozoa per 













Colpoda 0 0 0 1 0 0 1
Chilodonella 1792 140 28 1 28 0 1
Cyclidium 252 28 28 1 0 0 1
Tachysoma 84 0 0 1 0 0 1
StyTon^chia 28 0 0 1 0 0 1
Vorticella 504 56 28 1 0 0 1
Hemiophrys 224 0 0 1 0 0 1
Litonotus 84 0 0 1 0 0 1
Aspidisca 0 0 0 1 0 0 1
Euplotes 476 28 56 1 0 0 1
Oxytricha 56 0 0 1 0 0 1 
1
%  expected 88.7 7.1 3.0 1 1.2
1
0 1
At the end of the sedimentation time, it was necessary to slide 
the top tubular part from the lower shallow one in such a way to avoid 
the disturbance of the sedimented organisms. To do that one puts on 
the right and left of the plate chamber 2 perspex plates of exactly 
the same thickness and surface area and hold one of them steady with 
one hand and the other hand slides carefully the tubular portion 
together with the cover-glass of the plate chamber on to the plate 
held steady. Then, the cover-glass moves backwards to close perfectly 
the plate chamber which becomes ready for identification, counting and 
measuring using the Wild MAO inverted microscope with magnification 
powers of 20X10 and 40X10. Any irregularities at the edge of the 
plates will cause them to interlock and lead to the missing of the 
ciliated protozoa.
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b) Identification of the ciliated protozoa: The identification of the
ciliates in the ecological studies is based upon their shape, size, 
the presence and arrangement of cilia which form either simple or 
compound structures which are used as locomotory and/or feeding 
organelles. These criteria are best determined in living protozoa as 
mentioned by Bick,1972. In other kinds of studies, macronuclei and 
contractile vacuoles were used to identify ciliates but this involved 
using stained preparations(A.Warren,Natural History
Museum,pers.comm.1986-87) and there was no time to do this carefully.
Accordingly,it was decided to examine, identify and count the 
organisms whilst they were alive. Also,it was found that each motile 
ciliate species had a certain characteristic type of locomotion by 
which a quick identification could be done, after some experience. 
Taxonomic key
The identification of the ciliated protozoa studied in this thesis was 
done by the help of Bick;1972 which used Kahl;1930-1935 as a reference 
for any doubt. The list of the commmon ciliates in this work will be 
given later (chapter 6). The Protozoan Section of the British Museum 
(Natural History) was asked to check upon the identification of 
protozoans made during this study as it will be explained in chapter 
6 .
d) Counting of ciliates: A rectangular area was chosen inside the
plate chamber whose width was adjusted to 10 mm by the mechnical stage
of the microscope. Knowing that the radius of that chamber is 12.5mm,
the length of that area can be calculated using Pythagoras as shown in
figure 2.4 and it was found to be 23mm approximately where:
MN= (LN)^ ,
= (156.25)— (25.00^
= (131.25)^- =11.46 mm
Therefore, the length of that rectangular area is 23 mm approximately.
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Figure 2.4 a-Length determination of the rectangular counting 
area using Pythagoras theorem. 
b-The enlarged rectangular^area showing the shaded 
counting bands.
By the help of a lOX Wild counting eye piece, the stage micrometer and
1mm slide divided into 100 equal divisions, a counting band of 0.5mm
width, inside the rectangular area, under 10X10 magnification power 
was compared with bands of 0.25 and 0.125mm width under 20X10 and 
40X10 respectively. It was found that the first magnification made 
the identification too difficult especially for medium and small 
species, while the second one provided a suitable identification for 
the ciliates in a reasonable time. On the other hand,the third
magnification showed more details for the purpose of the 
identification but it was an exagerated time consumer in counting.
Accordingly, 20X10 was used to scann the rectangular area inside 
the plate chamber using a counting band of 0.25mm width and 10mm
length and was kept constant throughout the whole counting procedures. 
Using the mechnical stage, the first band at the left of the 
rectangular area was scanned,as shown in figure 2.4 b, from A to B to 
count the ciliates inside.
By the help of the mechanical stage, the plate chamber was moved 
towards the left direction to count another band [C-D] and so on.
Mathematically,about 92 equal bands could be scanned inside that' 
rectangular area, but due to the number of the subsamples and the time 
consumed (about 3 hours each), only from 7 to 27 bands were scanned 




The area of the counting band =10 x 0.25 =2.5mm
Because the diameter of chamber =25mm
The area of the plate chamber =22/7 x 25/2 x 25/2 =491mm^
Hence, counting band area/ sedimentation area =2.5/491 =1/196 
Therefore, assuming no losses in the procedure, the total number 
of each ciliate species /cmf sand= ciliates* x 196/N 
Where ciliates* is the number of the ciliates counted in N bands 
and is ranged from 7 to 27 as mentioned previously,
e) Sizing of ciliates:
During the counting procedure of the ciliates and by the help of 
a measuring eye piece, length and width of 5 individuals of each of 
the common ciliated species were measured at 1 cm depth and after 
about 14 days of the begining of each run. This was done from the 
third to the ninth runs except the fourth one where ciliates were 
measured extensively i.e measuring of 7-10 individuals on each 
sampling occasion of that run and at different depths;1,3,5,10,and 
30cm.
According to Bick(1972) a small drop of 10% methyl cellulose was 
added to the sedimented sample in the plate chamber in order to slow 
down the movement of the locomotory ciliates and consequently good 
identification, measuring, and counting were done. Adding to that a 
blue microscopic filter was pVcxc^ \n the light pathway in order to / 
minimize the thermal effect on these organisms.
2.1.7 Extraction and counting the bacteria on tt^ sand grains; In 
order to estimate the bacterial densities in the slow sand filter 
beds, it is first necessary to remove them from the sand grain 
surfaces and get them into suspension. A complete removal of 
bacterial cells or filaments from the sand grain surface is almost 
impossible because of the presence of crevices in the grains and due
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to the strong polysaccharide membrane attaching the bacteria to the 
sand grain. Plate illustrates the attached bacteria on unshaken 
sand grains ,collected from Ashford Common filter beds, using the 
Stereo-scan Electron Microscopy.
Many workers have adopted a technique of mechanically shaking a 
sand sample in sterile water in order to remove the attached bacteria. 
The experience of these workers has shown that such a shaking 
procedure did not remove all the bacteria and they adopted the 
procedure of shaking the sand in a standard period of time of shaking 
which gave maximum yield of cells(Pearse et al.1942, Anderson and 
Meadows ; 1969, Metropolitan Water Board Report number 43; 1967-1968).
Goddard(1980) claimed that approximately 1/3 only of the total 
attached bacteria to the sand grain were detached due to the shaking 
technique by comparing counts for suspended bacteria and those which 
were still attached to the sand grain at the end of the shaking time. 
This provided replicable though inaccurate densities.
Other workers tried to increase the efficiency of bacterial 
removal from sand grains by adding various chemicals such as 1% of 
sodium metaphosphate( Babiuk and Paul; 1969 and Fliermans and Schmidt; 
1975).It was found, however, that many of these chemicals were toxic 
to some of the bacterial forms, even at low concentration(Babiuk and 
Paul;1969).
Goddard(1980) removed bacteria by shaking sand samples, collected 
from Hampton Works, with sterile distilled water using Gallenkamp 
flask shaker. This was followed by diluting the supernatent with 
ten-fold dilution series, staining certain volume of the supernatant 
with acridine orange to give concentration of 100 mg/L and counting 
the stained bacteria on black 0.22 jim Millipore membrane under Leitz 
Orthoplan microscope with UV illumination.
73
a) Removal of bacteria from the sand grains;
It was decided to adopt the mechnical shaking technique for 
removal of bacteria from sand grains rather than any chemical or 
ultrasonic techniques because of causing no lysis or damage for the 
bacterial cells as caused by the latter two methods.
A Stuart flask shaker was available which held 15 ml stoppered bottles 
in which a sand sample of 1 cm together with 10 ml of sterile water 
was shaken at maximal speed (40 vibration/second). It was, however, 
necessary to determine the shortest period of shaking that produced 
maximal removal of bacteria. This was determined using a series of 
tests, the design of which is illustrated in figure 2.5”.
A preliminary test, without replication, was carried out on eight 
subsamples of 1 cm^sand, all taken from 5 cm depth in the filter bed. 
These were shaken at maximal speed for 5,10,20,30,45,60,75 or 90 
minutes. After the sand had settled, a known volume of the suspension 
was suitably diluted to ensure a countable number and counted by the 
technique described in the next section. Table 2.7a presents the 
results from this test and shows that bacterial densities per cmfof 
sand increased with the shaking time up to 30 minutes and subsequently 
remained more or less constant.
The variability of the shaking procedure was subsequently 
assessed on sand from 20 cm depth and using three replicate subsamples 
of sand. There were two variants to this second test, which used 
similar shaking times. In one variant, each replicate was shaken for 
5 minutes after which 1 ml of suspension was removed for counting and 
was replaced by 1 ml of sterile water to make up the original shaking 
volume. Shaking was then continued for a further 5 minutes for the 10 
minutes shaking period, when a further count was made, and so on at 
20, 30,45,60 and 90 minutes. The results of this test are shown in
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table 2.7b variant 1 and show again that 30 minutes vas the minimum 
shaking time to provide maximal removal of cells. The coefficient of 
variance dropped to about 5 %  at 30 minutes but this could be halved by 
longer shaking.
The second variant to this second test also used three replicate sand 
subsamples teken at 20 cm depth from the same sand core. Again, 1 ml 
of suspension was used for counting but the whole 10 ml of suspension 
was replaced by 10 ml of sterile water at the end of each shaking 
period. Table 2.7b variant 2 shows that the mean densities of the 
bacteria was lower, as expected, but cummulated to a somewhat higher 
density (6.91x10* cells/ml cf. with 6.12x10* cells/ml).
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Figure 2.C The design used to detect the shortest shaking period 
for the sand grain to give maximal removal of bacteria. 
*******************************************************
Time of *.... *.... *.... *..... *.... *.... *...











@ =take 1 ml of the supernatant, with no replacement, to count bacteria 
Second test(with 3 replicates)
variant 1
[]..............5..10.... 20.... 30...... 45...... 60................... 90^
[J..............5..10.... 20.... 30...... 45...... 60................... 90^
5..10.... 20.... 30...... 45...... 60................... 90^
* =1 ml of the supernatant was removed to count bacteria and another 
1 ml sterile distilled water was replaced at the end of each shaking 




[]..............5..10.... 20.... 30...... 45...... 60................... 90
=10 ml were removed where 1 ml was used to count bacteria at the end 
of each shaking period for each replicate and new 10 ml sterile water 
were replaced to carry out the next shaking.
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Table 2.7 Effect of shaking time on the removal of the 
bacteria from one cm^ sand subsample. 
*********************************************
a) Without replication-at 5 cm depth.
Time Bacterial |














rep. 1 1 rep.2 rep. 3 1 X + S.D
_ 1
variation coef.|
5 1.891 1 1.451 1.792 1 1.711+0.23 13.4 1
10 2.098 1 2.501 3.001 1 2.533+0.45 17.7 1
20 3.043 I 2.980 2.718 1 2.914+0.17 5.8 1
30 5.830 1 5.413 5.911 1 5.718+0.27 4.7 1
45 5.943 1 5.417 4.791 1 5.384+0.58 10.8 1
60 6.240 1 5.941 6.180 1 6.120+0.16 2.6 1






rep.l rep. 2 rep. 3 X + S.D I
1
var.coef. Cumm.meanj
5 1.702 1.806 1.909 1.81+0.101 5.5 1.81 1
10 1.799 1.800 1.858 1.82+0.031 1.6 3.63 1
20 1.530 1.463 1.529 1.51+0.041 2.6 5.14 1
45* 1.036 1.118 0.888 1.01+0.121 11.8 6.15 1
90 0.592 0.740 0.938 0.76+0.171 22.3 6.91 1
* samples of 30 and 60 minutes were broken during the shaking 
procedure.
The procedure adopted for the bacterial results presented in the 
thesis was to shake 1 cm^of sand in 10 ml of sterile filtered top 
water for 30 minutes in a Stuart flask shaker at maximal speed(40 HZ). 
Usually a range of dilutions, from 10 ^  to 10^, were carried out and 
the most suitable dilution was counted, using the procedures described 
later.
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b) Counting bacteria: There are two basic techniques for counting the
densities of natural bacterial population in suspension:
These are direct microscopic counts or counting colonies growing on 
culture plates in a defined nutrient medium. Plate counting has been 
widely used for bacterial populations living in sediments (Zobell and 
Anderson,1936; Zobell,1938 and 1946; Pearse et al.,1942; and Boucher 
and Chamroux,1976). The main advantage of the culture technique over 
direct counting is that it provides information about the densities of 
live, viable bacteria and thus,indirectly, provides some indication of 
the leVel of microbial activity. However, when the bacterial 
densities for the same water obtained by these techniques are 
compared, it has been generally found that the variations between 
direct and plate counts are widely different ranging from 10-(6)to 
10^^15)/ml(Collins and Willoughby, 1962). Also, Collins(1963) 
compared the bacterial densities obtained by several investigators and 
had been found that direct counts are much higher than plate counts by 
10 to 10-(4).There are probably various reasons for this but an 
important one is that no one nutritive medium will satisfy the 
requirments of all the different kinds of bacteria present in a water 
body and the lowered densities are likely to be due to selection.
Various techniques have been adopted for counting bacteria 
directly, using glass capillaries of known volume and different kinds
9
of haemocytometers for which the bacterial densities must be 10 per 
ml or more(Collins and Kipling; 1957, and Jones and Mollison;1948).
It is an advantage to be able to stain the bacterial cells and a great 
step forward was made when Strugger(1940) succeeded in vitally 
staining the protoplasm of plant cells with the help of a fluorescent 
dye; acridine orange (3,6tetramethyl diamino acridine) whose chemical
formula is:
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He found that: the albuminoid components and nicleoprotein of the
living protoplasm have exaggerated affinities for this dye showing
0
green fluorescence, while those of the dead pro^plasm showed a red 
fluorescence. Also, the harmful effect of this vital stain was so 
negligible that the stained protoplasm could continue to grow. It was 
so harmless that culture and animal experiments were made with optimum 
results with stained bacteria. Accordingly, this vital staining was 
adopted to stain bacteria by many workers as Strugger(1942), Strugger 
and Hilbrich(1942), Robbie et al.(1972), Francisco et al.(1973), 
Jones(1974), Jones and Simon(1975), and Goddard(1980).
The following procedure was used to count bacteria by the 
epifluorescence technique according to Jones and Simon(1975):
1) 1 ml of acridine orange[code C.I 46005] solution (10 mg/100 ml
distilled water) was added to 9 ml of the previously diluted bacterial 
suspension in a universal bottle (25 ml volume) to give a final 
concentration of 1 mg/100 ml acridine orange. Control counts were
treated similarly at the same time but the bacterial suspensions were 
replaced by sterilised prefiltered top water.
2} The bottle was inverted to mix its contents carefully and left for 
6 minutes.
3} During that time, a black 0.22 ^ m membrane filter was put inside a 
sterile Miÿpore filter holder and covered with 5 ml of sterile 
distilled water to facilitate a homogenous filtration for the 
bacterial suspension over the whole membrane area.
4} This was followed by filtering the bacterial suspensions and the 
controls through the black membranes as shown in plate 2.8. After 
that, each of these preparations was washed with excess 20 ml of 
sterile distilled water (Jones and Simon;1975).
5) Finally, the membrane was quickly transferred using a blunt forceps 
to a drop of nondrying immersion oil which did not self-fluoresce
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(Cargile formularcode 1248) onto a microscopic glass slide. 
Immediately the membrane should be covered with 2-3 drops of the same 
oil to avoid dehydration and trapping of air bubbles. The membrane 
was immediately examined under incident ultra-violet light and 
counting commenced using a total magnification of 1000 X.
According to Jones;1974, Jones and Simon;1975 and Ramsay;1978,it 
was recommended to count 200 to 400 bacteria on each membrane to 
ensure that the confidence limits mostly were around + 10% of the mean 
of the various counts. Also, Goddard (1980) mentioned that the more 
microscopic fields she counted, the more reliable results were 
obtained.
In order to be more accurate, in this work, a central rectangular 
marked area (0.1mm x 0.065mm under 10x100 magnification power) inside 
the microscopical field (of 0.081mm diameter under the same 
magnification) was chosen to count its bacterial content. These 
dimensions were measured using 1 mm slide divided into 100 small 
divisions, each one is equal to 0.01mm. A random choice of the 
microscopic field was achieved using the mechnical stage of the Leitz 
microscope after two movements on the horizontal and the vertical 
axes. As shown in table 2.8, it was found that the range between the 
95% cnfidence limit values start to be smaller as increasing the 
number of the replicates until reaching 30 replicates. This means 
that counting of more replicates, taking time in consideration, 
produced reliable results which could be accepted statistically.
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Table 2.8 Mean + 95% confidence limits for bacterial numbers 
per microscopic field using up to 30 replicates. 
**************************************************
Bacterial no/field 1 Mean
_ 1
+ 95% CL
5 7 8 12 6
1
1
9 10 11 8 12 |8.8 + 1.8 
_| ___ .
where n = 10
6 8 11 4 14
1 --
1
10 11 9 7 12 1 9.0 + 1.3 n = 20 1
6 5 12 8 4 ~l1
8.6 + 1.2 n - 25 1
7 8 13 12 9 1
-1---------
8.8 + 1.04 n . 301
Although commercial black membranes were available, Jones and
L
Simon(1975) reccomended to dye the 0.22 um Miij^pores freshly in the 
laboratory. This was made by using Dylon dye (No.8, Ebony Black) as 
follows:
- 0.25 gm of Dylon and 0.25 gm of sodium chloride were dissolved in 
100 ml recently boiled distilled water at 90 to95°C.
- The hot dye solution was filtered through a GF/F Whatman glass fibre 
filter and then through a 0.45 um black Millipore.
- The fillTjrate was left to cool to the room temperature.
- The white 0.22 cellulosic Millipores (type GSWP, French made) were 
immersed in this filtrate for 5 minutes at 6 0 - 7 0 incubator.
- Black Millipores were rinsed in sterile distilled water, put on 
filter paper to absorb some moisture and then dried over silica gel 
under vacuum at room temperature. Hot drying should be avoided 
otherwise the black Millipores will curl and will have a dull red 
background.
Microscopy
All bacterial counts were carried out with a Leitz Orthoplan 
microscope fitted with a 50V ultra-high pressure Mercury lamp and a 
Ploempak vertical illuminator. The incident light is directed 
downwards through the objective lens(100 X) onto the specimen by means 
of the ploempak as shown in figure 2.6. The latter is consisting of
81
the illuminator housing, the built-in exciting filters and 
beam-splitting mirrors.
Only the required exciting radiation from the lamp is transmitted 
onto the specimen, other wave lengths be reflected or absorbed by the 
filters. Because the wave length of the fluorescent radiation's 
spectrum is longer than that of the exciting light, the fluorescent 
light can pass through the beam splitting mirrors and the suppression 
filter without obstruction. The small portion of the exciting light, 
reflected by the specimen, is largely reflected from the observation 
beam by the beam-splitting mirror, and the rest is absorbed by the 
built-in suppression filter.
The fluorescing particles(bacteria) appear coloured(green) against a 
dark background.
Calculation As mentioned previously, using 1 mm slide divided into 100 
equal divisions, it was found that;
The length of the rectangular counted area = 0.10 mm
The width of that rectangular = 0.065 mm
Therefore, the area of that rectangle = 0.0065 mm^
Knowing that the radius of the Millipore = 8.75 mm,
hence its area = 240.5282 mm*
Accordingly, the possible number of the counting areas=
240.5282/ 0.0065 = 37004 =3.7 X l(f
Hence, the total bacterial number/cmJ-sand =
B/3.7 X10*Xl/dilution factor
where B is the bacterial number counted in N rectangular area.
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Figure 2,6 The optical path of the incident light Leitz 
Orthoplan fluorescence microscope.
[quoted from the Leitz Orthoplan microscope manual). 
****************************************************
1 suppression filter slide
2 suppression filter
3 turret with suppression filters and beam-splitting 
mirror
A  beam-spHtting mirror
5 stray fight stop
6 field diaphragm
7 excitlng-filter combination (in the lamp housing)




2.1.8 SCANNING ELECTRON MICROSCOPY OF SAND SURFACE'S BACTERIA; There 
were various techniques involved before the examination of the grains;
A) FIXATION;
Sand grains from different filter beds at certain depths, between 
1 and 30 cm, of the inner cores were collected from the sand cubes 
using a smooth and blunt spatula in order not to damage the attached 
bacteria. These grains were fixed for three hours in 3% glutraldehyde 
in O.IM sodium phosphate buffer (PH=7.2) within one hour of the 
sampling. Then, the fixed sand grains were washed in O.IM sodium 
phosphate buffer (PH=7.2) twice, each for five minutes.
B) DEHYDRATION:
The buffer-washed sand grains were dehydrated by passing it 
through a concentration series of ethyl alcohol; 30,50,70 and 95%, 
each for five minutes. Then, more three changes of absolute ethanol, 
each for ten minutes, were made in order to ensure no traces of water 
were left in the samples.
C) CRITICAL-POINT-DRYING (CPD);
Either nitrous oxide or carbon dioxide could be used to achieve 
this, but carbon dioxide has been commonly used and is to be preferred 
from the safety point of view( Grame and Kevin, personal 
communication, E.M unit at RHBNC). Therefore, the sand grains were 
critical-point-dried using Polaron E 3000 CPD apparatus where liquid 
and gaseous carbon dioxide have the same specific gravity when the 
temperature and the pressure exceed certain critical values (32 ®C 
and 82 bars respectively). In this situation, the phase boundary 
inside the vessel of the CPD instrument was disappeared. This allowed 
the removal of any liquid from the bacterial samples without their 
passing through a phase boundary. This avoid^he probability of 
losing bacteria from the sand grain surface (Goddard, 1980).
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It is essential to avoid any drying out of the sand grains at any 
stage, otherwise the bacteria may be damaged and the 
critical-point-drying procedure becomes pointless. Also, it is 
important to avoid the rapid decrease of the pressure inside the 
vessel of the CPD apparatus, otherwise the bacteria will be damaged.
D) SPUTTER COATING:
The CP dried sand grains were placed on stubs coated with
adhesive and sputter-coated with Gold-Palidium to provide the sand
« i
uctive mete
surface to prevent the electrons from accumulating on the specimens by
r i r
grains and its bacteria with an even and thin cdd ai/ic
earthing it and therefore, images can be watched without nois& This
coating process was carried out in the presence of Argon gas and using
the Polaron SEN coating unit E 50100. Then, the samples were examined
and photographed using the scanning electron microscope (Cambridge 
Stereoscan 100).
It was convenient that, following the dehydration with absolute 
ethanol and the CPD procedure, the sand grains could be kept in a dry 
place until the CPD instrument and the scanning electron microscope
were available (Kevin, personal communication, E.M unit).
Examination and counting of bacteria attached to the sand grains:
Three different groups of the sand grains were examined carefully 
using the scanning electron microscope in order to count and size the 
various forms of the attached bacteria as follows;
1] The first group of grains was examined to obtain some idea about 
the depth distribution of the bacteria at 1,3,5,10,20 and 30 cm depth.
2] The second set of grains were used to assess the effect of 
different shaking times on the densities of the bacterial population 
still attached to the sand grains. The shaking times tested were 
0,5,10,15,20 and 30 minutes. As before, 1 cmfof sand, taken at 1 cm 
depth, was shaken for a fixed time in 10 ml of sterile water and at
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maximal speed (40 HZ).
3] The third set of grains dealt with the sand-surface bacteria living 
in three different light conditions:
a) Bacteria belonging to the uncovered bedfBed 14}.
b) Bacteria belonging to the partially covered bed{Bed 4).
c) Bacteria belonging to the covered bed{Bed 5).
Electron micrographs were taken using the camera electronically 
connected to the microscope. The magnification used was ranged from 
500 X up to 15 KX
Sizing of the various forms of bacteria;
There were two methods to be used in measuring the different 
dimensions of the bacterial cells; using the SEN accessories which 
measure the dimensions accurately , or using the measuring scale at 
the top of the micrograph itself and measuring with a manual hard 
ruler. The first way was preferred because of its precise 
measurements, but it is time consuming since great care has to be 
taken to avoid any deviation of the sample from the centre of the SEM 
screen. Consequently, the second one was adopted in this work. 
Measurements of 20 individual of each bacterial type (rods, fusiforms, 
cocci and cocco-bacilli) were made whose data can be seen later in 
chapter 5.
2.1.9 Determination of POC and chlorophyll-a of the sand
These two components were measured by the help of Wraysbury 
laboratory,Thames Water Authority.
Determination of POC was made using the dichromate wet oxidation 
method and this will be explained later in 2.2.4.
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On the other hand, they measured chlorophyll using the method based on 
that described by Vollenweider(1974) as follows:
- A known volumes of sand subsamples at certain depths(about 40 cm2 
each) were shaken carefully for about 5 minutes with distilled water.
- The aliquotes were filtered through GFF 0.7 um pore size.
- 10 ml of 96% methyl alcohol were added to each filtrate, the mixture
was boiled enough to extract the chlorophyll pigments, left to cool at 
room temperature and then measured using UV spectrophotometer at 665 
and at 750 nm.
- Chlorophyll-a concentration was calculated as follows: 
chlorophyll concentration =13.9 X D665
where D665 is the optical density at 665 nm measured in a path length
of 1 cm and corrected from the reading at 750 nm.
2.1.10 Measurements of the head loss and the filtration rates 
As mentioned previously in the introduction, Thames Water Authority 
measured these two parameters using a manometer and a filtering valve 
respectively for each bed. The beds at Ashford Common Works were 
aimed to be run with high speed; 40 cm/hour and accordingly the 
filtering valve was turned on with the run age to compensate the built 
of the bed resistance in order to keep the filtration rate at that 
value. These data can be seen in appendix 3.1.
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2.1.11 Analysis of the variations within and between cores
As mentioned earlier(2.1.1), a decision had to be made early in 
this study between frequent sampling of single cores(to enable good 
rates to be obtained) or less frequent sampling of replicated cores(to 
enable estimates of horizontal variability to be made).This decision 
was enforced by:
1] The potentially high division rates of small organisms such as 
bacteria and protozoa.
2] The time consuming techniques involved to obtain acceptable counts 
for the micro-organisms, and particular all live ciliates. The 
decision was taken to take more frequent samples of single cores and 
consequently twelve cores (A,B,C,D,E,F,G,H,I,J,K,L) were inserted 
randomjly into the sampling area of the un-covered Bed 14 during the 
ninth run which extended between 5th of November and 14th of 
December,1985. The first ten of these cores were used for testing 
ciliates, bacterial,POC, and chlorophyl^a variations, while the other 
two(K and L) were kept as spares only. The measuring of the last two 
parameters were done as mentioned before with the help of the 
Wraysbury laboratory.
The procedure was as follows: two cores were taken out from the
filter bed on the date when they had been in for 15 days as shown in 
the experimental design given in table 2.9. Three 1 cmfsand 
subsamples were taken from each core at one depth of 5 cm. This gave 
six replicate subsamples for counting and provided the possibility of 
analysing the density variations of ciliates within and between 
cores.The same thing was done typically, at the same time, for the 
bacterial counts variations. For carbon and chlorophyll, two 40 cm 
sand subsamples were taken at the same depth of each core (5 cm) and 
were dropped at Wraysbury laboratory to be analysed.
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Although all cores had the same age, the experiment lasted 28 
days and there could have been some variations in the nature of the 
supply water, although it did all come from the same two reservoirs. 
Queen Mary and Wraysbury reservoirs, with a 97:3 mixture respectively. 
There were other factors which could not be avoided.These were the 
filtration rate, the head loss, the algal growth on the bed surface 
and the water temperature which was ranging between 12 and 5 “C.These 
may have affected the results of the test.
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Table 2.9 Dates of replacement and sampling of the cores.
**************************************************
Day of Day of Cores and their ages in days
week test A-B C-D E-F G-H I-J K-L
Tues 0 0-0 * * * * *
Wed 1 1
Thur 2 2 0-0
Fri 3 3 1
Sat 4 4 2
Sun 5 5 3
Mon 6 6 4 0-0
Tues 7 7 5 1
Wed 8 8 6 2 0-0
Thur 9 9 7 3 1 0-0
Fri 10 10 8 4 2 1
Sat 11 11 9 5 3 2
Sun 12 12 10 6 4 3
Mon 13 13 11 7 5 4 0-0
Tues 14 14 12 8 6 5 1
Wed 15 15 13 9 7 6 2
Thur 16 14 10 8 7 3
Fri 17 15 11 9 8 4
Sat 18 12 10 9 5
Sun 19 13 11 10 6
Mon 20 14 12 11 7
Tues 21 15 13 12 8
Wed 22 14 13 9
Thur 23 15 14 10





0 is the start day when the cores put in on the first Tuesday 
were replaced.
Cores without counts at all, but they were used as spares only
In order to apply the analysis of variance(ANOVA), data must 
follow a normal distribution and its variance should be independent of 
its arithmetic mean (Elliott;1977).
-For ciliates; It was found that the variances were dependent on the 
arithmetic means in three of the eight counted ciliate 
species(Stylonichia, Euplotes and Oxytricha), as shown in table 2.10. 
As it was advantageous to obtain a comparable results for all the most 
common ciliated protozoa in that test, a decision was taken to 
transform the original data(appendix 2.] ) of the different ciliates 
and their total number. A good transformation was done by replacing X
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by log(X+l), as shown in appendix 2.^, due to the presence of some 
zero counts (Sokal and Rohlf,1969 and Elliott, 1977).This 
transformation showed that the variances and the means of ciliates 
were not significantlly(NS) dependent except that of Cyclidium, 
Vorticella and Oxytricha as shown in table 2.11.
The variances and the arithmetic means of the different ciliates and
their total, for each core, before and after the transformation can be
seen in appendices 2.3 and 2.i| respectively.
Table 2.10 The relation between the variance and the mean of
the common ciliates and its total using the original 
countings in a fixed area. 
****************************************************
Species a b df F P Comment
Cinetochilum 91.0 1.15 9 0.753 <0.5 N.S
Chilodonella -868.0 7.88 9 4.098 >0.05 N.S
Cyclidium 741.0 0.34 9 0.025 >0.75 N.S
Tachysoma -17.0 10.5 9 1.294 >0.25 N.S
Stylonichia 1.8 4.8 9 20.183 <0.001 S
Vorticella -9.6 6.12 9 4.004 >0.05 N.S
Euplotes -32.6 7.47 9 42.852 <0.001 S
Oxytricha 31.6 3.14 9 8.336 >0.01 S
Total -913.0 3.91 9 1.252 >0.5 N.S
Y = the variance a = the intercept N.S = insignificant 
X = the mean b = the slope S = significant
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Table 2.11 The relation between the variance and the mean of 
the common ciliates and its total using the
transformed countings[X >log(X+l)].
*************************************************
Species a b df F P Comment
Cinetochilum 0.023 -0.008 9 0.584 <0.5 N.S
Chilodonella 0.022 -0.008 9 1.227 <0.5 N.S
Cyclidium 0.212 -0.095 9 7.441 <0.05 S
Tachysoma 0.036 -0.007 9 0.042 >0.75 N.S
Stylonichia 0.188 -0.092 9 2.218 >0.1 N.S
Vorticella 0.379 -0.237 9 8.443 >0.01 S
Euplotes 0.184 -0.070 9 0.447 >0.5 N.S
Oxytricha 0.807 -0.568 9 42.93 <0.001 S
Total 2.16 -0.146 9 0.673 >0.25 N.S
Y = the variance a = the intercept N.S = insignificant 
X = the mean b = the slope S = significant
Applying Kolraogorov-Smirnov test, to examine the distribution of 
the original ciliate counts, showed that the data represent a normal 
distribution where the maximum deviation(D max) of these counts did 
not exceed 0.175(P=0.05) except that of Cyclidium and Vorticella as 
shown in table 2.12. On the other hand using the previously mentioned 
transformation,log(X+l) instead of X ciliates,and applying 
Kolmogorov-Smirnov,it was found that the transformed counts of all the 
different ciliates and their total number showed a normal distribution 
behaviour as clearly seen in table 2.13.
So a decision was taken to use the transformed data of the ciliated 
protozoans , which showed independant relation between their means and 
variances, to apply ANOVA.
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Table 2.12 The maximum deviation(D max) values for the common 
ciliates and their total using the original data. 
****************************************************










If D max exceeds 0.175(P=0.05) or 0.210(P=0.01), 
the species differs significantlly from a normal 
distribution.
Table 2.13 The maximum deviation(D max) values for the common 
ciliates and their total using the transformed data. 
****************************************************










If D max exceeds 0.175(P=0.05) or 0.210(P=0.01), 
the species differssignificantlly from a normal 
distribution.
According to the different days of the run and the various cores 
with their replicates,the two-way ANOVA was applied using the 
transformed data of the normally distributed species in four different 
ways;
1- To examine the differences between and within the dates of sampling 
for the different and total ciliates i.e 5 dates and 6 replicates to 
see if there is any effect for the run age.
2- To test the differences between and within the sampling cores i.e 
10 cores and 3 replicates to see if there is any indication for the 
horizontal distribution.
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3- To see the effect of the interaction between the sampling dates and 
the cores on the counts i.e 5 dates,2 cores and 3 replicates.
4- To find the effect of dividing the cores into 2 groups; A,C,E,G,I 
as one group and B,D,F,H,J as another one. Accordingly, the data of 
these cores were tested in two different manners:
a) To examine the differences between and within these groups.
b) To test the effect of the interaction between groups and cores on 
the ciliate replicates.
It must be mentioned that a low P values(P<0.05) indicate that 
the probability of the differences in counts between the ciliated 
protozoan samples being due to a random event is low and consequently 
these samples represent various populations. A summary of the ciliate 
ANOVA can be seen in appendix 2.5 .
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Table 2.14(1) The P-values obtained from the Analysis Of Variance 
for the common ciliates extracted and counted from 
replicate sand sub-samples at 5 cm depth. 
*************************************************
Treatments | 5 dates and 10 cores and ] 5 dates,2 cores,






within] between within X
Species j dates dates cores cores 1 dates cores
Cinetochilum] 0.025 0.75 0.001
_ _ _ _ _ 
>0.75 1 0.001 0.05 0.05
Chilodonella j>0.05 <0.025 0.001 0.25 ] 0.025 0.001 0.05
Tachysoma j>0.75 >0.75 0.01 0.75 ] 0.25 0.75 0.001
Stylonichia j 0.001 0.5 0.001 0.25 1 0.001 0.1 0.1
Euplotes 1 0.025 <0.005 0.001 0.5 ] 0.01 0.001 0.25
Total I>0.05 0.5 0.005 0.5 ] 0.01 0.025 0.025
X indicates interaction between cores and dates.
Table 2.14(2)
_1
Treatments j 2 groups and 15 2 groups , 5 cores




replicates 3 replicates 11---
Species j 
_____1




Cinetochilum] 0.75 0.5 0.05 0.001
_
0.001 ]
Chilodonella| 0.25 0.5 0.001 0.025 >0.05 ]
Tachysoma | 0.75 0.75 0.75 0.25 0.001 1
Stylonichia | 0.75 0.05 0.1 0.001 0.1 ]
Euplotes 1 0.25 0.25 0.001 0.01 0.25 ]
Total 1 0.5 0.5 0.025 0.01 0.025 ]
-As shown in table 2.14(1) and according
_______ _ 1
to the first case,5
dates and 6 replicates, it was found that the variations within the
dates are not significant except those of Chilodonella(P<0.025) and 
Euplotes (P<0.005), while that between dates are significantly 
different except for Chilodonella(P>0.05), Tachysoma (P>0.75) and the 
total ciliates (P>0.05).
-According to the second treatment: all the counts within the various
cores were found to be not significantlly different, whilst those 
between the cores shoved significant differences.
-Thirdly: it was found that the interaction between the sampling
dates and cores showed no effect on the replicability of the counts 
where the variations were insignificantly different except those of
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Tachysoma(P> 0.001) and total ciliates(P<0.025).
-Regarding to the fourth condition, table 2.14(2),it vas found that: 
The variations between the two groups were not significant(P>0.25), 
those within the groups were also largely not significant also which 
means that the run age and consequently the head loss may have no 
influence on the ciliate's distribution.
It was found that the interaction between the groups and the cores has 
no effect on most of the ciliates counts where the differences between 
those counts were found to be not significantly different except those 
of Cinetochilum (P>0.001), Tachysoma (P<0.001) and the total 
ciliates(P<0.025).
Summary of the findings:
1) Not all the common ciliates present in bed 14 at Ashford Common 
Works showed normal distribution even using any transformation.
2)The significant differences of the counts between the dates may 
be due to the different run ages, the various filtration rates 
and the slight variations of the water temperature which may 
affect the ciliate population to a certain limit.
3)The significant variations between the counts of the different 
cores may be largely due to the difference between dates and/or 
the presence of a type of a horizontal migration of these ciliates 
which may represent different populations in the different cores 
and consequently different sites of the bed at that depth; 5 cm.
Accordingly,it must be mentioned that the lack of the replicability 
between the sand subsamples for some of these ciliates may give an 
indication that the sampling technique was not good enough for 
monitoring the distribution of some ciliated protozoans and it seems 
necessary to solve that problem in a further work in the future.
For bacteria: As mentioned previously in section 2.1.8, the test of
the bacterial variations was made using 3 sand subsamples at 5 cm
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depth for each of the same 10 cores. The sand subsamples were shaken 
for 30 minutes, then the suspended bacteria were diluted to a certain 
level , stained with acridine orange and counted on a black filter 
membrane (0.22um). The bacterial counts per 1 cm*sand, their 
arithmetic means and variances can be seen in table 2.15. It was 
found that the variance and the mean showed no significant 
relationship(P=0.599) and consequently no dependence between both of 
them. Also, using Kolmogorov-Smirnov test the maximum deviation of 
these counts from the normal distribution was found to be 0.099 
indicating that the bacterial counts represented a normal 
distribution(P>0.05).
Table 2.15 Numbers, means and variances of bacteria counted from 
replicate sand subsamples taken from 5 cm depth. 
******************************************************




2 1.60 1.630 0.006
3 1.57
1 1.49
B 2 1.53 1.603 0.027
3 1.79
1 1.59
C 2 1.76 1.620 0.016
3 1.51
1 1.64
D 2 1.87 1.757 0.013
3 1.76
1 2.02
E 2 1.64 1.793 0.040
3 1.72
1 2.00
F 2 1.84 1.930 0.007
3 1.95
1 1.82
G 2 1.89 1.837 0.002
3 1.80
1 1.72
H 2 1.90 1.843 0.011
3 1.91
1 1.61
I 2 1.89 1.770 0.021
3 1.81
1 1.95
J 2 1.83 1.957 0.017
3 2.09
As a result, two-way ANOVA can be applied for bacteria without
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transformation as follows:
- 10 cores with 3 replicates.
- 5 dates with 6 replicates.
- 5 dates, 2 cores each with 3 replicates.
- 2 groups with 15 replicates.
- 2 groups, 5 cores each with 3 replicates.
Summary of the bacterial ANOVA can be seen in appendix 2.^ , while the 
P values were collected in table 2.16.
Table 2.16 The P values obtained from the two-way bacterial ANOVA,
Treatments Between Within comment
10 cores-3 rep. <0.05* >0.75
5 dates-6 rep. <0.01* <0.25
5 dates,2 core <0.05* 
and 3 rep.
<0.05*
2 groups-15 rep >0.05 <0.05*
2 groups,5 core >0.05 <0.05*
and 3 rep.
  Sig. difference bet
cores may be due to 
horizontal migration
depending on POC levels.
  Sig. diff.may be due to
various run age, head 
loss and water supply.
<0.75 The interaction of dates 
and cores had no effect 
on bacterial numbers.
  Sig. diff.may be due to
run age,head loss and 
water supply.
>0.5 The interaction of group 
and cores had no sig. 
effect on the bacterial 
distribution.
*= significant difference X indicates interaction
For particulate organic carbon (POC) and chlorophyll-a; Due to the 
loss of the first day sand subsamples which were sent to Wraysbury 
lab., statistical analyses were done only for 8 cores each of 2 
replicates.
The replicates for the POC (table 2.17) showed normal 
distribution, with no need to transform the original data, after 
testing their variances against means which were insignificantlly 
dependent (P>0.1) and after applying Kolmogorov- Smirnov test where D 
max was 0.115 (P>0.05). Therefore, ANOVA was applied on the original 
data and the summary of the POC ANOVA can be checked in appendix 2 T ^ -  
The P values of that ANOVA were tabulated in table 2.18.
On the other hand. The chlorophyll-a data (table 2,19) did not 
show a normal distribution due to the significant dependence between 
the variances and the means (P<0.025) and owing to the significant 
variation from the normal distribution where D max wasO.290 i.e its P
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was <0.01 even with the use of any available transformation.
It was found that the second half of the cores had a relatively 
higher chlorophyll concentrations as compared to that of the first 
half. Therefore, a decision was taken to divide that data into two 
sets: the first set was belonging to the first half of the cores
(C,D,E and F) whose chlorophyll concentrations were less than 2.1 
ug/cm3 sand, while the second set was representing the chlorophyll 
levels of the rest of the cores (G,H,1 and J) which were higher than 
6.75 ug/cm3 sand. Each set was tested statistically and it was found 
that both of the sets showed normal distribution. Therefore, ANOVA 
was applied for each set and the P values were arranged in table 2.20, 
while the summary of chlorophyll ANOVA can be shown in appendix 2.%.
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Table 2.17 Concentrations, means and variances of organic carbon
from replicate sand subsamples taken at 5 cm depth.
******************************************************
Cores Replicates POC conc. Mean Variance
C 1 1.06 1.005 0.006
2 0.95
D 1 1.03 0.970 0.007
2 0.91
E 1 1.08 1.125 0.004
2 1.17
F 1 1.09 1.125 0.002
2 1.16
G 1 0.97 1.005 0.002
2 1.04
H 1 0.87 0.895 0.001
2 0.92
I 1 1.32 1.350 0.002
2 1.38
J 1 1.25 1.215 0.002
2 1.18
Table 2.18 The F values obtained from POC two-way ANOVA.
*********************************************
1
Treatments |Between Within X 1 comment | 
___ _ 1
8 cores-2 rep. |<0.001* >0.75
1
Sig.diff. between cores |
may be due to various |
algal and carbon cones. |
at diff. bed parts. |
4 dates-4 rep. |<0.005* >0.1 Sig. diff. between dates |
may be resulted from |
various run age,head |
loss,water supply..etc. |
4 dates,2 coresj <0.005* <0.05* <0.5 Combined effect of dates |
and 2 rep. | and cores had no sig. j
influence on POC level. j
2 groups-8 rep.| <0.05* <0.001* — Sig.diff. may be caused j
by variations in run age j
head loss and water |
supply nature. j
2 groups,4 core] <0.05* <0.005* <0.5 Variations in the POC |
and 2 rep. | levels were found to be j
not sig. different due |
to the joined effect |
of groups with cores. |
11
*= Significant difference X= interaction
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Table 2.19 Concentrations, mean and variance of chlorophyll-a
from replicate sand subsamples tedcen from 5 cm depth 
***************************************************
Cores Replicates chl-a conc. Mean Variance
(ug/cm^ sand)
C 1 1.69 1.680 0.0002
2 1.67
D 1 1.35 1.300 0.0050
2 1.25
E 1 1.99 1.920 0.0100
2 1.85
F 1 1.97 2.000 0.0020
2 2.03
G 1 8.30 9.455 2.6680
2 10.61
H 1 6.75 7.130 0.2900
2 7.51
1 1 13.89 15.485 5.0880
2 17.08
J 1 11.67 11.39 0.157
2 11.11
Table 2.20 The P values of chlorophyll-a two-■way ANOVA.
*******************************************
Treatments between within interaction
First set
4 cores-2 rep. <0.005* >0.25
2 dates,2 cores <0.001* <0.001 <0.01
Second set
4 cores-2 rep. <0.025 >0.1
2 dates,2 core <0.025 0.05 >0.25
and 2 rep.
Comment: The significant variation between the cores and the dates 
may be due to the accumulation of dense algal mats at 
certain strips or spots on the bed sand surface.
2.1.12 Sand grain analysis
The sand grain size analysis was made at different depths( 
1,3,5,10,20 and 30 cm) from 5 replicate cores collected from bed 14 at 
Ashford Common. All the cores were 15 days old and each sand sample 
was about 40 cm^.
The various replicates of the sand samples were passed through a 
series of British standard sieves (B No 410) by shaking mechanically 
for 20 minutes. The mesh size of the sieves were 4,2,1,0.5,0.25,0.125
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and O.o63 mm. The various sizes of sand grains per each core were 
weighed and tabulated in appendix 2. The replicates of the
different sand grades and the average compositions of the grain size 
at the different depths will be discussed latter.
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2.2 The pilot slow sand filter model
A small pilot slow sand filter model was first designed by
Lodge(1979) and constructed in the workshop of the Department of
Zoology of Royal Holloway College in order to simulate the structure 
and functioning of an operational filter bed and to study biological 
processes not otherwise possible by means of sand cores. This model 
filter was used by Goddard(1980). The design of this first model was 
subsequently greatly improved to provide greater and more flexible 
access to sand at different depths and better outlet tubes. Both 
models were available for use but it was the latter that was operated
during this research in order to save the time in expelling air
bubbles during its filling with the sand.
2.2.1 Design and structure of the Lodge-James model
The main unit of the filter model was constructed from a clear 
perspex tube of 13.9 cm inner diameter and 200 cm length. The 
internal diameter was made at least 50 times larger than that of the 
largest sand grain as, according to Ives(1966), this would reduce to 
negligible levels any boundary effects at the sand-perspex interface. 
At Hampton Treatment Works where Lodge worked, the largest appreciable 
grain size was the 2 mm fraction so that the minimum tube diameter 
should be about 10 cm. It was fortunate that the larger diameter of 
13.9 cm was actually used as section 2.1.12 shows that the beds at 
Ashford Common contained higher proportions of coarse sand fractions. 
The perspex column was constructed as five separable sections, as 
shown in figure 2.7, which permitted easy entry to the sand at 
different depths and which was generally much easier to handle during 
filling and emptying than the single column used by Lodge(1979) and 
Goddard(1980). A rubber "0" ring inserted into a shallow groove kept 
the junctions water-tight. The column rested on a perforated perspex 
basal plate sited 15 cms above a solid end plate and supported by
A = 1 0 0 c m
B = 2 0 c m
C=2 0 c m
D = 2 0 c m







3-Holes for insertion of the interstitial 
monitoring units at 1,2.5 , 5,7.5, 
10,20,30,40,50&-60 cm.




Fig. 2-7 Diagram of the structure 
of Lodge-James filter 
model.




three vertical perspex rods. The column contained 15 cm of gravel and 
60 cm of sand.
A series of outlet aperatures, 18 mm in diameter, were bored 
through the perspex at particular depths throughout the lower one 
metre length. There were more holes placed in the top 10 cms of 
compartment B opposite the upper sand layers than in compartments C 
and D where they were 10 cm apart. These permitted the insertion of 
interstitial water samplers, described below, or any other sensors 
such as redox or oxygen electrodes.
Outflow arrangements:
There are two outflow arrangements made by connecting two rubber 
tubes to one of the lower and one of the upper outlet holes. The 
upper one was kept closed and opened only to accelerate the cleaning 
of the model, while the lower was attached to the flowmeter(Meterate 
type) to control the filtration rate.
Manometric arrangements:
Two manometric arrangements were made by connecting two tubes to 
the second upper and to the second lower outlet holes. These tubes 
were made from clear polyvinyl chloride for easy vision and attached 
to the metallic frame with a scale in between.
Frame and blackout arrangements:
The model was put on a square wooden base(44 X 44 cm) above which 
an aluminium angled frame(200 X 44 X 44 cm) was fixed. The model and 
the frame were placed on an even concrete plat -form to avoid the 
direct contact between the wooden base and any spilled or flooded 
water. The importance of that frame was to:
a) protect the model during the transportation.
b) attach the monitoring equipment and the blackout arrangements.
The lower half of the filter model, containing the sand and the
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gravel, was kept in a complete darkness to resemble the operational 
bed situations. This was achieved by the followings:
1] attaching four rectangular wooden plates(122 X 44 cm) vertically to 
the four sides of the metallic frame.
2] applying two wooden plates horizontally around the filter model and 
above the sand surface.
At the junctions between the different wooden plates, foam strips were 
stuck to ensure a complete darkness.
Lighting arrangements:
A special system of lighting using four pairs of fluorescent 
grow-lux lamps, was fixed around the upper part of the filter model. 
Each pair was internally attached to one side of the frame to make the 
lighting equally distributed around the model. This lighting system 
was controlled by a dial switch and set it on to switch on and off at 
the appropriate sunrise and sunset times.
Water supply tanks
Water supply for the filter model was collected once each five 
days from the top water of bed 4 at Ashford Common Water Treatment 
Works by pumping it into 36 X 25 L strong polythene containers. In 
the laboratory, there was an arrangement to keep the filter model 
continuously supplied with water during the whole run. This 
arrangement cosisted of two big tanks(each of about 300 L); the first 
was on the ground level and the second was 2.5 meters higher.
The collected water was pumped into the lower tank and then into the 
upper one. The latter was provided with a motor driven propellar 
which was continuously circulating to avoid the stagnation or the 
sedimentation of the water particles. The excess water was allowed to 
pass back to the lower water tank with the help of two overflow pipes; 
one at the upper part of the top tank and the other near the top of 
the model itself.
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2.2.2 Preparation of the experimental filter-model for work;
This can be done in the following sequence:
1] The different parts of the model were cleaned by 2% hot RBS 25 
solution overnight. After that the model was washed throughly with 
tap water and then with distilled water.
2] The holes of the different parts were stoppered and the lower 
manometer was fixed into its special position.
3] The lower part(E) of the model was backcharged with water until
covering the base plate to avoid the air bubbles formation. Then the
gravel was added to a height of 15 cm.
4] The following three parts(D,C and B) were tightly connected 
together and then fixed into the compartment(E) using screws and a 
rubber 0-ring seal. This was followed by adding the washed wet sand 
to each of the three parts respectively. In order to avoid the air 
bubbles in-between the sand grains, each compartment of the model has 
to be filled up to two third of its height with water before adding 
the wet sand.
5] The upper-most part(A) was fixed into the rest of the model tightly 
and then the backcharging was continued and stopped at 15 cm above the 
sand surface.
6] After that, water was only introduced into the model through the 
upper-most part(A) and the filtration was allowed for 6-8 hours in 
order to allow the sand to settle. The model was drained just above
the gravel and the holes were unstoppered where the perspex
interstitial-water samplers as shown in figure 2.8 were inserted. 
Those samplers were connected via a peristaltic(Vatson- Marlow) pump 
to glass vials either directly or indirectly through 5 cm-3 external 
cells filled with sand.
7] The model was re-backcharged, the blackout plates were attached to 
the metallic frame, the lights were switched on, the timer was
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adjusted and the flow-meters were adjusted.
8] Water samples were collected from the top, the interstitial and the 
effluent water regularly to detect its carbon and its bacterial 
contents.
At the end of each run, 1 cm-) sand samples were collected at different 
depths( 1,3,5,10,20 and 30 cm depth) to quantify their carbon, 
chlorophyll-a, bacteria and ciliates. The sampling technique was 
carried out as follows:
Compartments B (as shown in figure 2.7) was separated with its sand 
content and a two-halfed perspex core of 20 cm length and 5 cm 
diameter was pushed gently into the sand of that compartment.
The core was divided into its halves using a strong piano wire and 
then with the help of aluminium slicers, the rectangular perspex sheet 
of 1 cm slits apart, and the 1 cm^ cross section brass corer sand 
subsamples were collected at the previously mentioned depths.
2.2.3 Collection of the interstitial water:
It was very important to adjust the flow rate through the 
interstitial water samplers to be approximately the same like that 
passing through the pores of the filter(interstices). The filtrate 
amount through the different samplers should be considerably less than 
the in-put water. It was found that, the removable interstitial water 
by Lodge(1979) was approximately 5% of the influent volume and the 
samplers should be kept in a continuous operation because the 
interruption may cause local slowing of the deposited material and 
consequently doubtful results may be obtained(Ives; 1966).
Velocity of water in the interstices(V):
In order to calculate (V), the sand porosity(P%) should be 
determined. The latter was defined either as "the percentage of the 
total volume of the sand occupied by water in sand saturated with 
water" or as "the total volume of the sand occupied by air in dried
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sand." It was necessary to determine the real and the apparent 
specific gravities of the sand in order to compute the sand porosity. 
A-Determination of the real specific gravity of the sand(RSG):
1] Weigh a clean specific gravity bottle filled with distilled water 
at the room temperature(a gm) and then re-weigh the same bottle after 
removing half of its water.
2] Re-weigh the bottle after adding air-dried sand and then calculate 
the weight of that sand(b gm).
3] Boil that mixture to get rid of the trapped air, cool to the room
temperature, complete the bottle with distilled water and then weigh
the bottle (c gm).
The increase in weight(c-a) is due to the difference between b gram of 
dried sand and the weight of equal volume of distilled water. 
Therefore, RSG= b/b-(c-a).
B-Determination of the apparent specific gravity of the sand(ASG); 
Weigh a clean specimen tube filled with air-dried sand (L).
Re-weigh the same tube filled with distilled water (M).
Therefore, ASG= L/M
Finally, the porosity of the sand= 100 - ASG/RSG X 100 
The arithmetic mean of four determinations at three various sites in 
the sand bay for both ASG and RSG were calculated as shown in table 
2.21 and consequently the porosity of the sand was deducted.
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Table 2.21 The apparent and the real specific gravities of the 
sand collected from 3 various sites in the sand bay 
at Ashford common and used for filling the filter 
beds and the filter model. 
****************************************************
ASG RSG ASG RSG ASG RSG
1.6156 2.9563 1.6095 2.5024 1.6164 2.8375
1.6049 2.7334 1.6178 2.6205 1.6200 2.5218
1.6187 2.6532 1.6211 2.5984 1.6023 2.6679
1.6200 2.6101 1.6219 2.6010 1.6293 2.7984
1.6148 2.7383 1.6176 2.5806 1.6170 2.7064
mean ratio=
0.5897 0.6268 0.5975
P%= 41.03 37.32 40.25
Therefore, the average P% equals 39.53
If the velocity of water passing onto the filter surface is Y cm/hr, 
the velocity of water in the filter pores will be = Y X 1/P% cm/hr.
The surface area of the slit in the interstitial sampler is equal to 
the length of that slit multiplied by its width = 13cm X 0.02cm = 0.26 
cmi
Therefore, the velocity of water passing out of the sampler=
= 0.26 X Y/P% X 1/60= 0.13/30 X Y/P% cm^/minute.
2.2.4 The measurments made by using the filter model 
Two different types of measurments were made:
A- Physical measurments
These measurments were carried out more or less regularly; four times 
a day and include :
1] The filtration rate : which was measured by the Meterate flowmeter.
2] The head loss : which measured the difference between the two 
surfaces of the water in the model itself and the connected manometric 
tube,'
3] The water temperature : which was measured by a thermometer 
immersed in the top water of the model continuously. There were no 
problems in reading the thermometer scale due to the transparency of
mthe perspex.
B- Biological measurments
It includes the followings:
1] Counting of the bacterial and the ciliated protozoan populations of
the sand at the end of each run at the top layers(l,3,5, and 10 cm).
a-
2] Bacteri^ densities for the top and interstitial water during the 
course of the run.
C- Chemical measurements 
It includes:
1] Determination of POC and chlorophyll-a at various depths of the 
sand by the help of Wraysbury laboratory, Thames Water Authority.
2] Determination of POC for the top and interstitial water during the 
run.
The estimation of the ciliate and the bacterial numbers were made 
as described before( refere to 2.1.6 and 2.1.7 respectively). On the 
other hand, the determination of the POC was carried out by the help 
of the following methods:
Dichromate wet oxidation method for organic carbon determination:
The organic carbon plays an important role at any biological 
system because it gives a good idea about the amount of the material 
available to feed the organisms in that system. Thesa available 
materials are the living and dead organisms besides the detritus. 
Principle:
The organic matter reacts with a strong oxidising mixture(excess 
of potassium dichromate and concentrated sulphuric acid) at 100 C^. 
The unreacted dichromate was detected by the titration with ferrous 
ammonium sulphate(FAS). The end point was determined 
amperometrically.
The oxidation of the organic matter leads to its degradation into its
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simple components(carbon dioxide and water) as follows:
(  X  + y-z/2 )0^-----------> X  C0^+ y H^O
Considering the oxidation of a hexose(glucose) as an example:
C^H 0, + 6 0,-----------> 6 CO + 6 H,0é> II b Z Z Z.
It was found that 1 mg O^is eqiijvalent to 0.375 mg carbon(C).
Using pot.dichromate(K^C^O^) as an oxidising agent, it was found that:
\
1 ml 0.125 N dichromate is equ^alent to 1 mg 0^.
Therefore, 1 ml 0.125 N dichromate is eqivalent to 0.375 mg C.
Because 1 ml 0.01 N dichromate is equivalent to 0.8 ml of
0.125 N dichromate.
Hence 1 ml 0.01 N dichromate is equvalent to 0.030 mg C.
1 ml 0.01 N dichromate is equvalent to 1 ml 0.01 N
of FAS.
1 ml 0.01 N FAS is equvalent to 0.030 mg C.
Procedure:
-A certain volume of water(top and interstitial) was collected from 
the filter model, filtered slowly through GF/F pads which had been 
precombusted at 500 ^C for two hours and stored in precombusted 
aluminium foil.
-The pads were transfered to a suitable beakers and dried inside 80 ° C  
oven overnight.
-After that, 1 ml of 0.2 N dichromate and 2.0 ml of Ag^ SO^  ^/H^ SO4 
mixture were added to the pads. Simultaneously, two blanks(distilled 
water only) were treated similarly.
-All the samples were digested at 100*C for three hours and left to be 
cooled at the room temperature.
-Latter on, 20 ml of distilled water were added to each sample to make 
the titration much easier and to keep the Platinum-Calo^el electrode 
sufficiently immersed during the titration.
-FAS was added to the digested samples using an automatic burette
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until the excess of the dichromate had been reduced and then excess 
ferrous ions(light greenish colour) were present in the solution. 
During the titration course, the solution was kept in a sufficient 
continuous stirring by a magnetic stirrer.
- The end point was detected by the sudden increase in the reading of 
the multi-voltmeter and then two more readings were taken with the 
addition of few more microlitres of FAS solution. It must be 
mentioned that FAS should be standardised regularly before using it 
with 1 ml of 0.2 N pot. dichromate and 2.0 ml of Ag^SO^/H^SO^ without 
heating to 100°C.
Reagents:
1- 0.2 N pot.dichromate(K^Cr O;i)
Dissolve 0.981 gm of pot.dichromate(A.R) in 100 ml distilled 
water.
2- Silver sulphate/sulphuric acid(Ag%SOy/H^SOt) mixture 
Dissolve 0.24 gm of Ag^SO^ in 20 ml concentrated H2_S04.
3- Ferrous ammonium sulphate(FAS)
Prepare 0.1 N stock solution by dissolving 9.8 gm FAS in 100 ml 
of distilled water, add 5 ml concentrated HzSO^ and dilute to 
250 ml(i.e I X  acidic soln.). The acidification of FAS increased 
its stability and its storage life.
Precautio^hs
- In order to increase the oxidation efficiency of the organic matter,
the following must be kept in mind:
1] The ratio of the digesting mixture i.e sulphuric to dichromate 
solutions should be 2:1 by volume(Golterman;1969).
2] The digestion of the organic matter should be carried out for three
hours and at 100-125 C (Lodge;1979 and Goddard;1980).
3] Silver sulphate(Ag^S^) shoul be used as a catalyst for the 
digestion of the organic matter(Stones;1974, Moore;1976 and Canelli 
et.al;1976).
-The combined electrode must be checked regularly to avoid the
problems of decreasing the sens|tivity and the drifting(Lodge;1979).
-All the used glass vials must be cleaned with chromic acid, rinsed in
0
distilled water and kept out of cntamination until using it.
114
Calculation:
1) Standardisation of FAS against pot. dichromate
NV for FAS is equvalent to NV for dichromate
NX19.92 ml FAS is equvalent to 0.2Xlml dichromate 
Therefore, the standardised N of FAS =0.0104 
Because 1 ml 0.01 N of FAS is equivalent to 30 yug carbon 
Hence 1 ml 0.0104 N of FAS is equvalent to Y
Accordingly Y =31.20 ipg carbon
Therefore, each 1 ml of 0.0104 N of FAS contains 31.20 j i g  carbon.
2) In order to calculate the carbon content of a sample, 
the following equation was used:
Carbon content =(B-S)/V X Y ^ag carbon/ml
Where V is the volume of the collected water sample(ml).
B is the volume of FAS used in the blank titration(ml).
S is the volume of FAS used in the sample titration(ml).




Means quoted in the text are the arithmetic means.
95% confidence limits for the mean = mean + t.SE 
where t is the value of the student's "t" when P = 0.05 at a certain
degrees of freedom.
2-Kolmogorov-5mirnov one sample test
This test was used to detect if the data are normally distributed 
or not. If the data does not show a normal distribution behaviour, it 
is necessary to use suitable transformation in order to apply the 
statistical analysis.
3-Numerical integration
Numerical integration was used to determine the densities per 1 
cm2 coljamn of 30 cm deep of bacteria, ciliated protozoans, organic 
carbon and chlorophyll-a from their volume concentrations (per cm^).
The Math Pac programme tape for Hewlett Packard 85 was used to
analyse the given data (X as depths and Y as numbers per cm^). The
programme integration with unequally spaced data points applied a 
spline function to produce the "smoothest" curve fitting the data 
points and calculated the minimum area under the curve.
4-Analysis Of Variance (ANOVA)
One-way and Two-way ANOVA were used to compare the variations in 
a set of data which already had been divided into groups associated 
with the possoible sources of variation. As there were no replication 
in the routine sampling programme, there was no possibility to apply
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ANOVA, but a special tests were carried out to compare the protozoan 
densities in ten cores of the same age but different dates. This 
provided the possibility to assess the horizontal variability. A 
Hewlett Packard Programme-tape was used to analyse the given data in 
matched groups as rows, columns and replicates.
5-Regression and Correlation
Regression analysis was used to estimate the relationship of one
P
variable with another by expressing the one in terms of a simJle linear
(or more complex) function of the other. On the other hand, 
correlation analysis was used to estimate the degree to which two 
variables vary together.
The general form of the regression is:
Y = a + bX
where Y is the dependent variable
X is the independent variable
a is the intercept on the Y axis
b is the regression coefficient
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SEASONAL CHANGES IN PHYSICAL, CHEMICAL AND 
BIOLOGICAL CONDITIONS
The availability of the uncovered bed 14 was an excellent 
opportunity to study the associated physical, chemical and biological 
features immediately after the re-sanding of the bed and with no
shading throughout its runs. Therefore, an extensive study has been
made on the bed for nine successive runs during 1985. On the other 
hand, a comparison with bed 14 could be made on beds 5 and 4, for two 
runs each, the former as a covered (shaded) and the latter as 
partially covered (partially-shaded) filter beds during a period 
extending between July and October 1985 and July to October 1986, 
respectively.
3.1)-Physical conditions:
3.1.1] Run dates and durations
Table 3.1 provides a summary of the dates and durations of the
runs for beds 14,5 and 4 during the period of study in 1985 and 1986.
Detailed daily information is available in Appendix 2.1. Bed 14
started its first run in March 20th 1985 and completed its tenth run
on January 12th 1986, so that it was studied during the first nine 
months of its bed-life. Table 3.1 shows that the duration of the 
various runs varied from as long as 40 days or so during the spring
and autumnal months to as short as 13 days in the summer when runs of
20-22 days were more normal. The mean temperatures of the water above 
the sand surface, given in table 3.1, shows that the long durations 
are associated with colder water temperatures of 13 t  or less whereas
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the shorter durations occurred with higher temperature of 16 t or 
more.
Bed 5, which was shaded for runs 5,6 and 7 in 1985, started its 
life on March 1985 and completed its ninth run at the end of the year. 
A long duration of 40 days is also recorded for this bed in its 
uncovered state in the spring months but the longest duration occurred 
in run 7, the third run when this bed was shaded and when the water 
temperature was still relatively high at 16 Ic. The shortest runs
lasted 22-27 days during the warmer summer months.
Table 3.1 also shows the dates and durations of the partially 
shaded runs (7 and 8) for bed 4 during 1986. As in bed 5, the longest 
runs are associated with partial shading of the bed namely, run 8 with 
59 days, which was the second partially covered run and run 9 with 62 
days which was the unshaded run immediately afterwards. Both of these 
runs occurred in the autumn and winter months of the year when the
water temperature was dropping. The shortest run in bed 4 was 14 days
during May 1986 and run 7 showed the more usual summer duration Of 20 
days, through partially shaded.
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3.1.2] Head losses, daily flow rates and filtering rates;
Head loss was monitored daily for each bed by the Thames Water 
Authority at Ashford Common Treatment Works. This was measured as the 
difference in metres between the head of water in the filter bed (HI)
and that of the filtered water (H2) in the manometer (figure 1*2).
Also monitored daily is the daily flow rate in Mega-litres and the 
hourly filtering rate expressed as the velocity of water passing 
vertically through the sand (metre/hour). The water flow is 
controlled by a regulating valve in order to achieve a 'target'value 
of filtration rate. In these 'fast' slow sand filter beds, the 
desired filtration rate was o.4 m/h which is twice the rate of 'slow' 
slow sand filters at 0.2 m/h operated elsewhere. As explained earlier 
in chapter 1, the rate of downward movements of water in slow sand 
filtration is normally slow enough to be able to assume laminar flow
condition for the whole bed. Then, the resistance of a clean filter
bed to the passage of water can be defined by Darcy's low:
Vf= K (HI - H2) m/h [Huisman and Wood, 1974]
where (HI - H2) is the difference in metres between the raw and the 
filtered water heads respectively, Vf is the filtration rate [the flow 
of water per day in m-3 divided by (24 hr x bed area in mf)] and K is a 
coefficient of permeability, also in units of m/hr. The permeability 
coefficient(K) depends upon the hydraulic properties of the sand and 
is affected by grain size and shape and will be affected by 
characteristics of both the filtered dead organic material and live 
organisms occupying the interstices in a way not entirely understood.
Figures 3.1 to 3.3 illustrate the daily head loss, the daily flow 
of water through the bed, the hourly filtration rate on each day and 
the water temperatures for beds 14,5 and 4 during the period of study. 
These values, with the exception of the water temperature, are also 
given in Appendix 2.1. Here the head loss is given as 0.2 normalised
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head loss which is the mean for all the beds that the Thames Water 
Authority wish to compare.
Figure 3.1 and Appendix 2.1 show that the described rate of 0.4 
m/h was achieved for some period of time in most runs of bed 14 apart 
from the initial run 1, the final runs 9 and 10 as well as, more 
surprisingly, run 5 in August 1985. The flow of water passing through 
the bed was also lower during these particular runs compared with the 
maximum of 32-36 ML/d. The plot of daily head loss shows a very
characteristic shape of a slow, steady increase up to a point (usually
less than Im) where and when it increases very suddenly and could 
attain very high values (5-6m except run 1) at which point the bed was 
brought out of operation. Table 3.1 also shows that the duration of 
this period of the less than Im head loss varied in the different runs 
but was usually between 77-93% of the run duration (run 4 was lower at 
64%). The duration of the period with head losses higher than Im was 
much less, usually 3-5 days (again run 4 was different, with 8 days). 
Figure 3.4 shows how the duration of the period of less than Im head
loss in bed 14 is influenced by water temperatures. It was found that
Ô.
this period is related inver;^y with the temperature and that the 
regression for bed 14 is a significant one (P= 0.019) as can be seen 
in table 3.2.
Figure 3.2 shows that all the runs of bed 5 achieved the target 
filtration rate of 0.4 m/h, except for run 1 in March and April and 
run 5 in July and August of 1985. The flow of water per day was found 
to be lower during these two runs (26.6 and 28.6 ML/d respectively) 
comparing to those of the other runs (29.7-35.9 ML/d). The daily head
loss plots of bed 5 exhibited more or less the same behaviour as that
of bed 14; it begins with a slow, steady increase in head loss and 
then increases until attaining a maximum value of 2.61m (runs 4 and 6 
having higher head losses of 12.95 and 15.46m respectively) and then
126
the filter bed "jacks up". Table 3.1 shows that the duration of the 
period of less than Im head loss normally occurred between 70-93% of 
the whole run duration (run 6 lower at 68%) except for run 7. In this 
run, in which the filter bed was shaded, the majority of that run of
45 days was operated with less than Im head loss except that of the
last day (1.05m head loss). Again, the duration of the period of 
higher than Im head loss was shorter than that of lesser than Im head 
loss, only 3-7 days. Figure 3.4 illustrates the absence of a clear 
relationship between the average water temperature and the less than 
Im head loss periods in bed 5 and regression analysis was used to 
quantify it, as shown in table 3.2 (P= 0.229). The removing of the 
data of the shaded runs (runs 5,6 and 7) altered the relationship into 
a significant one as can be seen in table 3.2 (P= 0.038). This result
implies that the pressure of shading affects the significant
relationship between temperature and the less than Im head loss.
Figure 3.3 shows that only runs 3,4 and 5 of bed 4 achieved a 
filtration rate of 0.4 m/h. Accordingly, the flow of water per day 
was higher during these 3 runs (28.8-33.1 ML/d) compared to that of 
the others (20.7-28.0 ML/d). The daily head loss of bed 4 (1986) 
shows a slow, steady and then sharp increase as in the other two beds. 
On the contrary, the duration of the period of less than Im head loss 
lies between 58-70% of the whole duration of the run (those of runs 4 
and 8 represent 50 and 41% of the whole duration respectively). The 
duration of the period with head loss higher than Im is less than the 
preceeding period at the same bed (except that of run 8) and it is 
ranged between 6 and 13 days (run 9 is longer at 26 days) as can be 
seen in table 3.1. Figure 3.4 illustrates the influence of the 
average water temperature on the duration of the period of less than 
Im head loss in bed 4. It seems that bed 4 in 1986 is behaving a 
little differently in some way where the duration of the period with
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less than Im head loss is not much related to the water temperature as 
that of beds 14 and 5 in 1985. Regression analysis was done to 
quantify this relationship as shown in table 3.2 (P= 0.934). The 
removal of the data of the partially-shaded period (runs 7 and 8) 
belonging to bed 4 does not provide any alteration for that 
relationship (table 3.2).
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3.1.3] Tog water temperature
As mentioned previously, it was found generally that the colder 
the water temperature the longer the duration of the run and the 
longer the less than Im head loss'period and vice versa for both the 
beds 14 and bed 5, the exception being for the longest 7th run of bed 
5 when it was shaded.
3.1.4] Grain size and porosity
As described earlier (2.1.12), the sand grain size analysis has 
been made at different depths (1,3,5,10,20 and 30 cm) using 5 cores as 
replicates which were put in and collected from bed 14 at Ashford 
Common Works. All of the cores were 15 days old and each sand 
sub-sample was about 40 cm2. The sand replicates were passed through 
a British standard sieves (B No 410) by the mechanical shaking. The 
mesh size of these sieves are 4,2,1,0.5,0.25,0.125 and 0.063mm. The 
different sizes of the sand grains at various depths of each core were 
weighed and tabulated together with the mean of each grade at 
different depths and the cumulative mean for each one as well 
(Appendix 2.14).
Table 3.3 shows a rough comparison between the three main sand 
categories obtained in the present work at Ashford Common and those 
obtained at Hampton Works (Goddard,1980) knowing that the sieves used 
in grading the sand in both of the stations are of the same 
dimensions. It is obvious that Ashford Common has more coarse sand 
(4.0 - >0.5 mm) than Hampton throughout the different depths of the
sand cores. The coarse sand weight percentages ranged between 73.29 
and 86.89% at Ashford and between 36.50 and 50.04% at Hampton. On the 
other hand, both of the medium (0.5 - >0.25 mm) and the fine (0.25 -
0.063 mm) sand grades were present in higher percentages at Hampton
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compared with Ashford Common (see table 3.3). This gives an 
indication that the Thames Water Authority is using coarser sand in 
filling and resanding the filter beds in Ashford Common than that used 
in Hampton. In turn, this may affect the specific composition and 
abundance of the organisms inhabiting the interstitial spaces 
in-between the sand grains.
Table 3.4 shows the mean percentage by weight of the different 
sand grades at various depths of five cores. It appears that the sand 
grains which were retained by 0.5 mm mesh size form the major 
percentage of the sand weight at the various depths of the different 
cores and its mean value ranged between 44.91 and 55.65% of the total 
weight. Also, it was found that the percentage of that grade (larger 
than 0.5 mm) is higher at the top 10 cms than other lower depths and 
the highest percentage value (55.65%) is found at 5 cm depth. One-way 
ANOVA (analysis of variance) has been used in order to examine the 
differences between each sand grade at various depths using the 
original data of Appendix 2.14 (keeping in mind that all the sampling 
cores have the same age; 15 days). Table 3.5 represents that the 
difference is significant (P< 0.001 and 0.023) for the sand grains 
retained by 4,1,0.5,0.25,0.125 and 0.063mm sieves at various depths, 
while it is not significant (P= 0.372) for that retained by 2.0 mm 
mesh sieve.
Figure 3.29 illustrates the relationship between the weight 
percentages of the various grain size (bearing in mind that all the 
sand fractions up to 4 mm diameter is 100%) and the grain size in mm. 
According to Huisman and Wood (1974) the sand of the slow sand filters 
is usually characterised by its effective diameter and its coefficient 
of uniformity. The effective diameter is defined as the size of the 
sieve opening through which 10% of the material will pass and given 
the symbol dlO. In a similar way the sieve opening through which 60%
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of the material will pass is given a symbol d60. The uniformity 
coefficient is the ratio dSO/dlO and given the symbol U. From figure 
3.29, it was found that dlO and d60 of the sand of the sampling cores 
of bed 14 at Ashford Common Works equal 0.201 and 0.360 respectively 
and consequently its uniformity coefficient is 1.8. On the other 
hand, using Hampton Works data (Goddard,1980) it was found that the 




Table 2.21 shows that the porosity of the sand (used to resand 
the slow sand filter beds at Ashford Common Works and to fill the 
experimental filter model at Royal Holloway and Bedford College) at 
three different sites in the sand bay is 41.03, 40.25 EUid 37.32. 
Accordingly, the average porosity of the sand is 39.53% of the actual 
volume of the sand. Again this shows another variation between 
Ashford and Hampton Works where the latter station has 38.8% sand 
porosity (Goddard,1980). This gives an indication that the spaces 
between the sand grains at Ashford Common are a little wider than that 
at Hampton which may reflect on the abundance and the sizes of the 
different species inhabiting the interstices.
3.1.5] Light
Light plays an important role in the process of photosynthesis 
mainly for the small flagellated supernatant algae and/or the green 
filamentous algae which constitute a major component of the 
Schmutzdecke (Bellinger,1968). Different types of algae, in
particular the filamentous ones, may affect the functioning of the 
filter beds in some undefined way but probably by providing a 
straining mesh. The effect of light reduction upon the functioning of 
the filter beds was studied by using tkreg. Jiffe-rent levels of shading 
out the light at beds 14,5 (1985)and 4 (1986)as unshaded, shaded and 
partially shaded beds respectively. Metropolitan Water Board (Annual 
Report 43 for 1967-68) report on the trials to reduce the light in 
order to control the algal blooms in the water treatment system either 
by using floating sheets of polystyrene. It was preferable for its 
safety to use the former type which was improved until using the most 
recent one as described earlier in the methods. From point of view of 
the present research, the recent shading system was not 100% perfect
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due to the following :
1- The presence of gaps between the covering sheets which allows 
the formation of algal strips of various population density on 
the sand surface of the filter bed.
2- Most of the times these sheets were sunk below the water surface 
at different levels in the water column of the bed which permits 
an uncontrol able amount of light to pass down.
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3.2)- Chemical conditions;
The sample cores, sub-divided into 1 cm depth sub-samples, were 
used to determine the quantity of organic matter in the sand, measured 
as particulate organic carbon, and the concentration of algal biomass, 
measured as chlorophyll a. These cores were collected more or less 
simultaneously with the cores for the sand protozoan ciliates and 
bacteria. After cutting into a depth series of sub-samples 
(1,2,3,4,5,6,7,8,9,10,15,20, 25 and 30 cms), they were transported to 
the Wraysbury Laboratory of Thames Water Authority, who determined 
their particulate carbon and chlorophyll-a content. In this section,
it is the depth-integrated areal abundance (pg or mg per cm2 of a 30
/
cm deep column) that is being considered and how this changes with run 
duration. This was obtained by depth integration of the sub-sample 
data using a Hewlett PackarJ 85 integration programme with a spline 
function.
3.2.1] Particulate organic carbon (POC)
Table 3.6 presents the time course of depth-integrated or areal
POC values for bed 14 during its runs in 1985. The values are given
for each sampling day when the age of the run is known, together with 
the prevailing head loss and water temperature.
For all runs of bed 14 where a reasonable number of
determinations were made, the time-course shows a similar pattern of 
sharp increase in the areal POC values with time (figure 3.5). The 
exception was run 1, the first run after re-sanding, in which there 
occurred a much slower initial increase. In those runs where POC 
values were determined for the first day of the run, these were low, 
being 1.64, 1.37 and 1.97 for runs 3,7 and 8, respectively (table
3.6). The maximal values for different runs was rather similar and
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ranged from 9.4 and 12.3 mg carbon/cm2, irrespective of season (table
3.6). The higher maximum POC values were for runs 2 and 3 during May 
and June.
A rough calculation of the daily instantaneous rates of carbon 
increase using the equation, In Y = In a + bX (table 3.7), shows that 
these were very similar (0.09 - 0.11/d) during all the runs of that 
bed, apart of the initial rate of 0.02/d for run 1 and that of run 5 
(0.05/d). Table 3.7 shows that in-spite of the wide variation of the 
water temperature (8-18 ®C), the instantaneous rates of increase are 
more or less constant (0.09-0.11/d). This gives an indication that 
water temperature may have a minor influence upon the instantaneous 
rates of carbon increase. Figure 3.6 illustrates the relationship 
between the areal POC values and the less than Im head loss. The 
comparison was possible only in runs 1 and 2 as head loss data was 
missing for run 8 and the other runs were either too short for more 
than two carbon determinations or having higher than 2 metres head 
loss as run 4. Since figure 3.6 suggests that some relationship 
exists, regression analysis was used to quantify it assuming a linear 
relationship and the linear regression are given in table 3.8. Both 
regressions were statistically significant and are plotted in figure
3.6 to illustrate how well they fit the data.
Only two runs for the shaded bed 5 were studied during 1985 in 
order to compare the effect of the shading or no shading on the 
performance of filter beds 5 and 14. These runs for bed 5 are the 
sixth (13/8 - 3/9/85 with an average water temperature of 17 ° C ) and
the seventh (6/9 - 21/10/85 with 16 **C average water temperature). 
Table 3.6 shows that the initial areal carbon values are ranging 
between 1.975 and 4.962/cm-2 on days 1 and 5 of runs 6 and 7 which 
increases with the time to achieve a value of 7.295 and 8.846/cm^ on 
days 15 and 31 of the same two runs respectively (figure 3.7). Table
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3.6 shows that, whilst there is a consistant increase in areal POC 
values throughout runs 6 and 7, the water temperature stays constant 
at 17 C (run 6) and slightly changed from 16 to 15°C (run 7). Figure 
3.8 illustrates the relationship between the areal carbon abundance 
and the less than Im head loss in run 7. This figure suggests that 
the areal POC values are related quite nicely with the head loss 
throughout 31 days of that run. Therefore, regression analysis was 
used to test this relationship (table 3.8) which is statistically 
significant (P= 0.03) and plotted in figure 3.8 to show how well it 
fit the data.
A comparison can be attempted between the shaded run 7 of bed 5 
and the unshaded run 7 of bed 14, since both were sampled in September 
1985, in both the water temperature was 16 ®C and the POC samples in 
both were collected during periods when the head loss was less than 
Im. One difference between the beds has already been noted namely 
that the duration of the shaded run of bed 5 was almost double that of 
the unshaded bed 14 (46 versus 24 days). Table 3.6 gives the areal 
POC values belonging to run 7 of bed 5 for days 5,17 and 31 and table
3.7 gives the daily instantaneous rate of carbon increase which was 
very low (0.02/d) compared with 0.10/d for Bed 14 run 7.
Table 3.6 presents the depth-integrated POC values for two 
partially-shaded runs (7 and 8) of bed 4 during a period between 24/7 
and 12/10/86. The values are given for each sampling day together 
with its head loss and water temperature. In these two runs the areal 
carbon abundance values increase with the duration of the run from 
12.103 to 14.118 mg/cm* on days 4 and 11 respectively of run 7 and 
from 1.834 to 16.614 mg/cm* on days 3 and 20 of run 8. As can be seen 
in table 3.6, areal carbon abundance of bed 4 (1986) is much higher 
than those of beds 14 and 5 (1985). This high level is mainly due to 
the high carbon load comes with the input water mainly within the
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first 4-5 days to the filter bed as will be explained in chapter 4 and 
9. Figure 3.9 shows that the time-course of run 8 (bed 4) exhibits a 
peculiar behaviour of fluctuating increases in the areal POC values 
into three peaks; 16.614, 23.610 and 19.082 mg/cm^ on days 20, 38 and 
52 respectively. The calculation of the daily instantaneous carbon 
increasing rates (table 3.7) show that run 7 (24/7 - 13/8/86) exhibits 
slower increasing rate than that of run 8 (15/8 - 13/10/86); 0.02 and 
0.13/d respectively. Also, table 3.6 shows that the areal abundance 
of POC increased from 12.103 to 14.118 (run 7) or from 1.834 up to 
16.614 mg/cm2 (run 8) with slight change of water temperature (19-18 
and 1 7 . 5 - 1 6 . 5 respectively).
Figure 3.10 illustrates the relationship between the integral 
carbon values and the head loss for runs 7 and 8 of bed 4. This 
figure suggests the presence of a relationship in run 8 and therefore, 
two regression analyses were made to test them at different periods of 
head loss (during less than and higher than Im head loss) and the 
regressions is significant in the first period (P= 0.005) and not 
significant in the higher than Im head loss (P= 0.109) as can be seen 
in table 3.8.
Accordingly, it is possible to summarise the relationships 
between the areal POC abundance and the other factors (duration of 
run, water temperature and head loss) as follows:
1] As expected, the areal carbon is mostly proportional with the 
duration of the runs as in beds 14 and 5 and only with the first 
1/3 of run 8 at bed 4.
2] It seems that the water temperature has minor effects on the areal 
carbon values.
3] The instantaneous carbon increasing rates show nearly no relation 
with water temperature as the rates are similar throughout the 
eight runs of bed 14 irrespective of temperature changes from 9
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to 18 °C, as can be seen in figure 3.11.
4] The relationships with the head loss is as follows; while the 
areal abundance of carbon is significantally related to the less 
than Im head loss at the three different beds, it is not related 
significantally with that of higher than Im head loss.
This may be due to the nature of the head loss which takes place 
at the begining of any run as a result of increasing the filtration 
rates of water and consequently more carbon comes into the bed, while 
it occurs near the end of the run due to increasing bed resistance 




Table 3.9 shows the the areal abundance of chlorophyll a 
throughout various runs of the unshaded bed 14. These values are 
given with the run age, prevailing head loss and water temperature. 
The time-course of all the runs shows a similar pattern of sharp 
increase in the areal chlorophyll abundance with time except that of 
run 5 (figure 3.12). In those runs whose depth-integrated chlorophyll 
values were determined on the first day of the run, it was found that 
these values were low, being 7.252, 5.489 and 12.769 ug/cm^ for runs
3,7 and 8 respectively (table 3.9) but the lowest areal values of 
chlorophyll was that of the first sampling day of run 1 i.e after 
re-sanding of the bed, being 2.483 ug/cm2. The maximum values for 
different runs were ranged from 42.953 and 88.479 ug chlorophyll/cm2 
irrespective of seasons. The higher areal chlorophyll abundance were 
belonging to runs 1 and 8 (113.049 and 145.063 ug/cmZ) during end of 
April and that of October respectively.
A quick calculation of the daily instantaneous increasing rates 
of increase of chlorophyll (table 3.7) shows that these were very
similar (0.12 - 0.15/d) for the first three runs between end of March
n
and begiÿng of July and for run 8 during October. On the other hand, 
runs 4 (July) and 7 (August) show higher instantaneous chlorophyll-a 
rates (0.21 - 0.22/d) whereas run 5 in August shows the minimal rate
of 0.01/ d. Figure 3.18 shows that despite the rather large variation 
in water temperature between 8 and 18 °C, these instantaneous 
increasing chlorophyll rates from table 3.7 stay more or less constant 
(0.12 - 0.15/d), which give the impression that temperature has a weak 
influence upon the chlorophyll increase. Figure 3.13 illustrates the 
relationship between the areal chlorophyll abundance and the less than 
Im head loss. The comparison was only possible, as mentioned before, 
in runs 1 and 2 as the head loss data was missing for run 8 and the
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other runs were too short for more than two chlorophyll determinations 
within a period of less than Im head loss. This figure 3.13 does not 
suggest the presence of any relationship and regression analysis used 
to test this given in table 3.10, proves that no significant 
relationship exists in these two runs.
The depth-integrated chlorophyll values at different sampling 
dates of the shaded runs (6 and 7) of bed 5 during 1985 can be seen in 
table 3.9 and figure 3.14. These areal values are given together with 
the run ages, head loss and water temperature. During these two runs, 
the time-course shows a similar pattern of increase in the areal 
chlorophyll values with the time as has been seen in bed 14. In run 
6, the initial integral value was low; 2.418/cm2 on day 1 but it 
increases sharply reaching 61.951 ug/cm2- on day 15. Run 7 started 
with a high value of 22.952 ug/cm^ on day 5 followed by a plateau and 
then increased to 43.6 and 44.7 ug/cm^ on days 17 and 31 of the run 
respectively. The calculation of the daily instantaneous rates of 
chlorophyll increase, using the exponential equation 
In Y = In a + bX
shows that they are 0.23 and 0.06/d for runs 6 and 7 respectively 
(table 3.7). Also, figure 3.15 illustrates how the areal abundance of 
chlorophyll a changes with the less than Im head loss throughout the 
sampling dates of the shaded run 7 which does not suggest a linear 
regression and table 3.10 show no significant relationship. This 
means that the shading has no effect on the relationship between the 
areal abundance of chlorophyll and the less than Im head loss exactly 
as in the unshaded bed 14 during the same year.
Table 3.9 also shows the areal chlorophyll abundance, duration, 
head loss and water temperature throughout the sampling dates of two 
partially shaded runs (7 and 8) of bed 4 during 1986. The time-course 
shows two different patterns for the change of the areal chlorophyll
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abundance at these two runs (figure 3.16). The depth-integrated 
chlorophyll values increase sharply and continuously during run 7 and 
the first 20 days of run 8 but during the rest of run 8, it begins to 
decline with the time till the end of that run. While the initial 
areal chlorophyll values are 49.664 and 4.508 ug/cm2 on days 4 and 3 
of runs 7 and 8 respectively, the maximal values for these two runs 
are 166.149 and 249.036 ug/cm2 on days 18 and 20 respectively.
Accordingly, the instantaneous rates of increase of chlorophyll are
0.17 and 0.24/d for runs 7 and 8 respectively (table 3.7) bearing in
o
mind that water temperature changed slightly between 19 and 18 C in 
run 7 and between 17.5 and 16.5 t  in run 8 (table 3.9).
Figure 3.17 illustrates the relationship between the areal 
chlorophyll values and the head loss of run 8 only since run 7 has 
only two chlorophyll determinations with moderate head loss. This 
figure suggests the existence of some relationship particularlly
during the two phases of the figure separately i.e during the
ascending and the descending parts of that figure respectively. The 
regression analysis was used to quantify this relationship which was 
found to be significant for both of these parts (P= 0.04 and 0.05 
respectively) as can be seen in table 3.10.
3.3)-Biological conditions;
As mentioned previously, the sampling cores were sub-divided into 
1 cm depth sub-samples (mostly at 1,2,3,4,5,10,15,20,25 and 30 cms) in 
order to detect the bacterial and ciliate densities. The former plays 
the major role in decomposing the comlex organic incoming matters into 
CO-, mineral salts and their own cellular material, while the latter 
may act by maintaining the bacterial populations in an exponential 
growth phase. Again, it is the areal density (number of bacteria and 
ciliated protozoa/cm^ of 30 cm deep column) that is being considered
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in this section and hov this changes with run duration. The areal 
density was obtained by depth integration of the data using a Hewlett 
Packard 85 integration programme with a spline function.
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3.3.1] Bacteria
-Table 3.11 presents the depth-integrated bacterial values for 
bed 14 during its runs in 1985.It also gives each sampling date with 
its areal bacterial density, its head loss and its water temperature. 
The time-course for runs 1,5, 6 and, may be, for run 8 of bed 14 shows 
a sharp increase in the depth- integrated bacterial values with the 
time (figure 3.19), while that for the other runs except run 7 (which 
exhibits a decreasing pattern) shows a gradual and fluctuated increase 
in the areal values. The lowest areal bacterial density for the 
different runs is ranging between 3.559 and 3.930 lO^/cm-2 on days 15 
and 26 of run 1 i.e after re-sanding of the bed. The maximal 
integrals for the various runs range from 45.158 to 167.062 10^ /cm2
(run 5 has an exaggerated integral value of 500.519 lO Vcm^). Figure 
3.19 illustrates a kind of seasonal pattern where the maximal integral 
values of bacteria occurred in summer which declined at autumn and in 
spring.
A rough calculation of the daily instantaneous rates of bacterial 
increase shows, in table 3.7, that they were rather similar 
(0.11-0.20/d) during most of the runs, apart those of runs 3 and 4 
which were lower (0.02/d for both). This table also shows that run 7 
has a different behaviour where bacteria showed a decreasing instead 
of increasing rate (-0.07/d). Figure 3.20 shows that there is no 
relationship between the daily instantaneous rates of bacterial 
increase and the average water temperature.
Figure 3.21 illustrates how the areal bacterial densities changes 
with the less than Im head loss. The comparison was possible only in 
runs 1,2 and 5 of bed 14 as head loss data was missing for run 8 and 
the other runs were either too short for more than two bacterial 
determinations as runs 6 and 7 or having head loss values above two
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meters as in runs 3,4 and 6. This figure (3.21) suggests the presence 
of a relationship between the bacterial integrals and the head loss of 
less than Im particularlly at runs 1 and 5. Regression analysis was 
used to quantify this relationship for those three runs and the 
results are summarised in table 3.12 where runs 1 and 5 only showed 
significant relationship (P = 0.003 and 0.05 respectively).
Table 3.11 presents the integrated bacterial values of the shaded 
runs (6 and 7) of bed 5 during a period between 13th of August and 
21st of October 1985. The time-course shows that the integrated 
values of bacteria go up slowly in these runs where it increases from 
26.717 10^ to 31.552 10 Vcm2 on days 1 and 15, respectively, of run 6 
and from 62.229 10^ to 67.987 10-^/cm^ on days 5 and 31 of run 7
(figure 3.22). The calculation of the instantaneous bacterial rates 
of increase were found to be 0.01 and 0.02/d for these two runs at 
average water temperature of 17 and 16 ®C respectively which are 
generally less than those of the un-shaded bed 14 (table 3.7).
Figure 3.21 shows the relationship between the depth-integrated 
bacteria and the less than Im head loss of the shaded run 7. It shows 
that there is no relation in-between these two parameters which is 
confirmed by via the applying the regression analysis as given in 
table 3.12 where its P equals to 0.656).
-The time-course for the partially-shaded runs (7 and 8) of bed 4 
are more or less similar to each other in pattern of increase in the 
depth integrated bacterial values. These integrals begin to increase 
achieving maximum which decline after-wards with the duration of the 
runs (table 3.11 and figure 3.23) near the end of each run. Table 3.7 
shows that the instantaneous rates of bacteria in the partially-shaded 
runs 7 and 8 are similar, 0.04 to 0.06/d at average water temperature 
of 18.5 and 16 °C respectively. These bacterial rates are higher than
144
those of the shaded runs of bed 5 but still less than those of the 
un-shaded bed 14.
Figure 3.21 shows the relationship between head loss and 
integrated bacterial densities for the partially-shaded run 8 only; 
the last bacterial integral of run 7 was detected during very high 
head loss (4.95 m). As this figure suggests there is a relationship 
between these parameters, the simple regression analysis was used to 
test it during the increasing and the decreasing bacterial data 
separately. It was found that this relation is only significant (P = 




-Table 3.13 presents the depth-integrated ciliate densities for 
bed 14, throughout its runs in 1985, together with the sampling dates, 
head losses and the water temperature. The time-course for runs 2 and 
8 which have more than two ciliate determinations shows a fluctuated 
pattern of increase as in figure 3.24 (run 4 shows a continuous areal 
ciliate increase). On the other hand, those runs having only two
ciliate determinations show a n  increase in the depth-integrated
ciliate densities (runs 3,6 and 7)except that of run 5 which shows a
decreasing tendency in the ciliate integral value.
The rough calculation of the daily instantaneous rates of ciliate 
increase in different runs of bed 14 shows that their values range 
between 0.01 and 0.07/d when the average water temperature of 14.5- 18 
*^0. The rates of runs 2 and 7 are higher, being 0.2 and 0.12/d
respectively. Run 5 exhibits a daily decreasing rate of -0.08/d which 
is parallel to the highest bacterial instantaneous rate (0.20/d) 
during that run. Table 3.7 and figure 3.27 illustrate the 
relationship between the daily instantaneous rates of the ciliated 
protozoa at various runs of bed 14 and their average water temperature 
which does not show any distinct pattern in between these two 
parameters.
Figure 3.28 illustrates the relationship between the integrated 
ciliate densities and the head loss in filter beds number 14,5 and 4. 
This figure suggests no intimate relationship between the less than Im 
head loss and the integrated ciliate densities of run 2 of bed 14 
which is confirmed by using the regression analysis to quantify this 
relation and its result can be seen in table 3.14 where its P equals 
0.662.
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The depth-integrated ciliate values of the shaded runs of bed 5 
show an increase between days 1 and 15 of run 6, while those of run 7 
of the same bed present an increase only between day 5 and 17 which is 
followed by a decline between days 17 and 31 (table 3.13 and figure 
3.25). The instantaneous rates of ciliate increase for those runs of 
bed 5 ranged between 0.06 and 0.1/d (table 3.7). The relationship 
between the depth-integrated ciliate values and the less than Im head 
loss can be examined only for run 7 and is illustrated in figure 3.28. 
It appears that no dépendance exists between head loss and ciliate 
integrals as can be seen in table 3.14 where the regression P is 
0.637.
The time-course of the partially-shaded run 8 of bed 4 at 1986 
presents a quick increase for the ciliate integral between days 3 and 
12 (69.54 and 124.26 lO^/cmZ respectively) followed by a slight 
decline or plateau to 121.83 lO^/cmf on day 20 of that run (table 3.13 
and figure 3.26). This period is followed by fluctuations until the 
end of the run. The maximal ciliated protozoan integration for this 
run is 124.26 10?/cmZ which is higher than those of the shaded run 7 
of bed 5 (115.02 10-^/cm£) or the runs of the unshaded bed 14 (79.016 
lO^/cmZ in run 4). The instantaneous rates of ciliate increase for 
this run was found to be 0.07/d which is similar to those of runs 3 
and 6 of bed 14 and to that of the shaded run 7 belonging to bed 5. 
Figure 3.28 illustrates the relationship between the areal ciliate 
densities and the head loss throughout the partially-shaded run 8 of 
bed 4, 1986. The data of this figure shows a large fluctuations.
Accordingly, dividing the whole data into two sets; the first 
increasing ciliated protozoan data points and the second is the rest 
of the data may enable us to suggest a linear relationship. Applying 
the regression analysis , it appears that neither the first nor the 
second set of data shows a significant relationship where their P
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values are 0.436 and 0.158 respectively as can be seen in table 3.14. 
Accordingly, table 3.14 may give a conclusion that during the unshaded 
run 2 (bed 14), the shaded run 7 (bed 5) and the partial shaded run 8 
(bed 4) there is no significant relationship between the areal 
densities of the total ciliates and the head loss of either less than 
Im or higher than Im.
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Table 3.1 Duration suid dates of runs, the average water temperature 
and the durations of periods of lesser and higher than Im 
head loss in beds 14 gmd 5 in 1985 and bed 4 in 1986 at 
Ashford Common. 
*********************************************************
|Bed Run Dates and duration Water Duration of head loss |
jno. no. (days) of the runs temp, (t) in days and its(%) at |
1 <lm 1 1
>lm 1
|14 1 20/3 - 27/4 (39) 8 34 (87) 1 5 (13) 1
1 2 2/5 - 9/6 (40) 13 37 (92.5)1 3 (7.5) 1
1 3 12/6 - 3/7 (22) 15 19 (86) 1 3 (14) 1
1 4 6/7 - 27/7 (22) 18 14 (64) 1 8 (36) 1
1 5 31/7 - 19/8 (20) 17.5 17 (85) 1 3 (15) 1
1 6 21/8 - 2/9 (13) 17 10 (77) 1 3 (23) 1
1 7 5/9 - 28/9 (24) 16 19 (79) 1 5 (21) 1
1 8 1/10- 2/11 (33) 14.5 M.O 1 M.O 1
1 9 5/11- 14/12 (40) 8 M.O 1 M.O 1
11
10 17/12- 12/1 (27) 7 M.O 1 M.O 1
1





1 2 16/4 - 4/5 (25) 13 23 (92) 1 2 (8) 1
1 3 13/5 - 8/6 (27) 14 19 (70) 1 8 (30) 1
1 4 14/6 - 6/7 (23) 15 17 (74) 1 6 (26) 1
1 5 S 15/7 - 10/8 (27) 18 19 (70) 1 8 (30) 1
1 6 S 13/8 - 3/9 (22) 17 15 (68) 1 7 (32) 1
1 7 S 6/9 - 21/10 (46) 16 45 (98) 1 1 (2) 1
1 8 23/10- 25/11 (34) 15 27 (79) 1 7 (21) 1
1 9 28/11- 31/12 (34) 8 31 (91) 1 3 (9) 1
1 4 3 5/4 - 1/5 (27) 8 16 (59) 1
__________
11 (41) 1
1 4 4/5 - 17/5 (14) 11 7 (50) 1 7 (50) 1
1 5 19/5 - 18/6 (31) 12 19 (61) 1 12 (39) 1
1 6 20/6 - 21/7 (32) 18 19 (59) 1 13 (41) 1
1 7 PS 24/7 - 12/8 (20) 18.5 14 (70) 1 6 (30) 1
1 8 PS 15/8 - 12/10 (59) 16 24 (41) 1 35 (59) 1
1 9 15/10- 15/12 (62) — 36 (58) 1 26 (42) 1
S Shaded runs .
PS Partially-shaded runs.
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Table 3.2 Regression of duration of less than Im head loss'periods 
against water temperature for beds 14,5 and 4.
Equation: Y= a - bX, where 
Y indicates time( days)
X indicates water temperature ft) 
********************************************************
1 Bed 1 
_____ 1 _
a 1 b 1 df 1 F P 1 __ 1




1 1,5| 11.61 0.019*1
1 1 




|5(VS) 1 48.9 1 -1.19 l,4j 9.34 0.038*1
|4(PS) 1 20-5 I —0.09 1.5| 0.01 0.934 1
|4(VPS)| 17.8 1 . 0.13
1
1 1,3| 0.01 0.942 1
Shaded runs(S)
(VS) The data of bed 5 without the shaded runs,
(PS) Partially-shaded runs
(VPS) The data of bed 4 without the partial shaded runs, 
d.f Degree of freedom; F variance ratio
P probability * significant relationship
Table 3.3 The average percentage of weight composition of the main 
sand grades at different depths at Ashford Common and 
Hampton Vorks.
********************************************************
1 Depth 1 Main sand grain percentage | 
1 1 11 1
|(cm) 1 Coarse I Medium I Fine 1
I I (4.0->0.5mm) |(0.5- >0.25 mm) |(0.25->0.063 mm)|
I I  1 1 11 1 1 






1 1 1 76.30 1 21.43 1 2.27 1
1 3 1 82.13 1 16.63 1 1.24 1
1 5 1 86.89 1 12.02 1 1.09 1
1 10 1 74.92 1 21.01 1 3.99 1
1 20 1 75.03 1 21.79 1 3.17 1






1b] Hampton Vorks (Goddard,1980): | 
1 1 1
1 1 1 50.04 1 46.13 1 3.84 1
1 2 1 46.12 1 49.48 1 4.41 1
1 5 1 39.04 1 55.39 1 5.57 1
1 9 1 36.50 1 57.57 1 5.94 1
1 13 1 41.84 1 53.54 1 4.61 1
1 19 1 39.86 1 55.34 1 4.81 1
1 25 1 4CT.46 1 54.40 1 5.14 1
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Table 3.4 The mean percentage of sand by weight belonging to five
cores and retained by British standard sieves (B No. 410) 
at different depths of bed 14 at Ashford Common. 
*********************************************************
1 Depth Mesh size (mm)
1 (cm) 4.00 2.00 1 1.00 1 0.50 1 0.25 0.125 0.0631
1 1 7:30 4.16 113.51 151.33
1_____
121.43 2.27 0.00 1
1 3 7.44 2.90 116.30 155.49 116.63 1.24 0.00 1
1 5 7.37 3.67 120.20 155.65 112.02 1.09 0.00 1
1 10 6.75 3.04 112.89 152.24 121.01 3.82 0.10 1
1 20 8.86 3.44 115.71 147.02 121.79 3.07 0.08 1
1 30 9.11 5.38 113.89 144.91 122.79 3.97 0.06 1
|mean 7.80 3.77 115.42 151.11
1_____
(19.28 2.58 0.04 1
cumulative X  composition of sand grades up to 0.063 mm 
7.80 11.57 26.99 78.10 97.38 99.96 100.00
cumulative X  composition of sand grades up to 4.00 mm 
100.00 92.20 88.43 73.01 21.90 2.62 0.04
Table 3.5 Summary of the relationship between the sand 
grades at various depths usi.'.ng one-way ANOVA. 
**********************************************
Sand grades Variance ratio Significance level
(mm) (F) (P)
> 4.00 117.030 <0.001 ***
> 2.00 0.810 0.372
> 1.00 414.920 <0.001 ***
> 0.50 3098.650 <0.001 ***
> 0.25 332.990 <0.001 ***
> 0.125 5.490 <0.023 *
> 0.063 118.710 <0.001 ***
N.B The number of replicates used for each grade in this 
analysis is five cores.
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Table 3.6 The depth-integrated carbon (POC) values, the water
temperature and the head loss at various runs of beds 
14 and 5 in 1985 and bed 4 in 1986 at Ashford Common. 
*****************************************************
— •—— — — -— ———————--——--- -
1 Bed 1 Run Run age I POC Water Head 1oss






1 14 5 3.073 5 0.64
1 15 3.829 7 0. 19
1 21 4.027 9 0. 18
1 1 26 4.569 9 0.22
1 1
1
34 9.433 10 1.01
1 2 7 3. 320 11 0.27
1 12 2. 172 9.5 0.41
1 11 14 — 12 0-47
r 1 19 7. 117 12 0.56
1 1 21 — 12 0.59
1 1 28 12.274 15 0.71









1 3 1 1. 640 14 w —
! Î 5 — 15 0.39









1 4 2 2.758 18 0. 39
1 1 4 —— 18 0.50
1 1 9 8.378 18 0.57
1 i 11 — 18 0.58









1 5 2 — — 18 0.39
1 I 5 7.229 17 0. 43
1 1 7 —— 17 0. 48
1 1 13 10.BOO 18 0. 66
1 1 19 10.862 17 5.57
1 I — — — — — — — — — — ——————— — — — — — —









1 7 1 1. 370 16 0.42




1 8 1 1.974 16 0.48
1 13 5.606 15 0.44
1 Î 22 7.341 14 Mo
I 27 9.948 13 Mo
=======




15 7.295 17 1-46
1 3 — — 16 0.36
11 1 5 4.962 16 0.37
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! 17 1 6.249 16 0.50 1
1 I 31 1 8.846 15 0.82 Î
= = = = = = = 1 =======
1 8 17 PS 4 112.103 19 0.46 !
! 1 6 19 0.53 1
11 ! 14. 118 18 0.72 1
I 1 18 113.842 18 4.95 1
! I 8 PS 3 1 1.834 17.5 0.29 1
1 1 12 1 7.544 17 0.53 1
! 1 20 116.614 16.5 0.90 !
1 i 24 114.177 16 1.06 1
Î 1 31 113.025 15.5 1.29 Î
i 1 38 123.610 14.5 1.96 !
1 1 45 116.142 14.5 1.86 I
i I 52 119.082 14.5 1.79 1
M O meter was out of order 
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4
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Table 3.7 Daily instantaneous rates of carbon, chlorophyll-a, 
bacteria and ciliates increase and the average water 
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S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
* Run 1 has initial carbon rate = 0.02/d.
The periods during which the daily instantaneous rates 
calculated are placed between brackets.
were
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Table 3.8 Summary of the regression analysis between the depth-
integrated POC (mg/cm^) and the head loss (m) at certain 
runs of beds 14,5 and 4 at Ashford Common Works. 
Equation: Y = a + bX
where Y indicates the integrated POC (mg/cm^).












































(S) indicayes shaded run.
(PS) < indicates partially-shaded run with less than Im 
head loss.
(PS) > indicates p-shaded runs with higher than Im head 
loss
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Table 3.9 The depth-integrated chlorophyll—a values, the water
temperature and the head loss at runs of the beds 14 and 




Run Run age Î Ch.a Water Head 1oss
no. " (days) 1 ug/cm^ temperature ( m)
•c
1 ' 5 j 2.483 5 0. 64
15 1 18.533 7 0. 19
21 1 47.491 9 0. 18
26 1 60.606 9 0.22
34 1 113.049 10 1.01
2 7 1 10.358 11 0.27
12 1 18.543 9.5 0.41
14 1 12 0.47
19 1 42.953 12 0. 56
21 1 12 0.59
28 1 42.120 15 0. 71
33 ; 30.404 15 0. 77
35 1 15 0. 88
3 1 i 7.252 14 -
5 1 15 0. 39 '
19 1 87.532 15 2.20
21 1 17 5.52
4 2 1 11.233 18 0. 39
4 1 — 18 0. 50
9 ! 49.000 18 0. 57
1 1 1 18 0.58
16 1 33.953 18 2. 19
19 Î 19 2. 09
5 2 Î 18 0. 39
5 1 71.729 17 0. 43
7 1 17 0. 48
13 1 71.921 18 0. 66
19 1 88.479 17 5.57




7 1 : 5.489 16 0.42
.13 1 74.411 16 0.67
8 1 1 12.769 16 0.48
13 1 60.150 15 0.44
22 1 27.887 14 Mo
27 1145.063 13 Mo
6 S . 1 ! 2.418 17 -
15 1 61.951 17 1.46
7 S 3 1 16 0.36
5 : 22.952 16 0.37
I 14
:%= =  : 
5
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1 { 17 1 43.618 1 16 1 0.50 1
! ! 31 1 44.721 1 15 I 0.82 1
1 s=*=a=r= j r=s=r=t=: 1 SS as = = ==== I= = = = = = = = = = = I
1 4 17 PS 4 I 49.664 1 19 0.46 1
1 ! 6 1 - Î 19 1 0.53 1
1 11 1122.712 I 18 I 0.72 1
! I 18 1166.149 ; 18 I 4.95 Î
i 18 PS 3 I 4.508 : 17.5 1 0.29 Î
I i 12 1114.802 1 17 ( 0.53 1
1 20 1249.036 1 16.5 1 0.90 Î
i i 24 1223.963 1 16 1 1.06 1
Î 1 31 1192.756 I 15.5 1 1.29 ;
! 1 38 1156.721 Î 14.5 1 1.96
1 1 45 1103.097 { 14.5 1 1.86 !
1 ! 52 ! 130.731 1 14.5 : 1.79 1
MO = meter was out of order.
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4,
Table 3.10 Summary o£ the regression analysis of the depth-integrated 
chlorophyll values and the head loss at various runs of 
filter beds 14, 5 and 4 at Ashford Common Vorks.
Equation: Y = a + bX
where Y indicates the chlorophyll integra (ug/cm^)
X indicates the head loss (m) /
**********************************************************
(Bed (Run 1 a b 1 df I F 1 P 1
1 no. 1 no. I 1 1 1 I_______ j.
1 14
___
1 1 1 21.5
_______
60.20 1 1,3 1 1.10 1 0.371 1
1 2 1 
1___ 1 _
— 0.3 53.70 1 1,3 1 4.50 1 0.124 1




39.90 1 1,1 1 1.31 1 0.457 1
1 4 |8PSI| -105.0
________
398.00 1 1,1 1 229.16 1 0.042 1
I PSD I 331.0 -107.00 1 1,3 1 9.60 1 0.05 1
S Shaded run
PSI Increasing data of the partially-shaded run
PSD Decreasing data of the partially-shaded run
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Table 3.11 The depth-integrated bacterial values, the water
V temperature and the head loss at runs of the beds 14 an
5 in 1985 and bed 4 in 1986 at Ashford Common. 
*****************************************#************'
Bed 1 Run Run age Bacteria Water IHead 1oss!
no. Ino. (days) 10^ /cm* temperature ! (m) 1
! •c i !
14 Î 1 5 — 5 Î 0.64 1
1 15 3.559 7 1 0.19 !
I 21 5.913 9 1 0.18 !
1 26 3. 930 9 1 0.22 !
1
j
34 47.285 10 Î 1.01 !
! 2 7 11.484 11 1 0.27 !
1 12 28.002 9.5 1 0.41 Î
! 14 - 12 } 0.47 i
19 6.755 12 I 0.56 !
! 21 - 12 1 0.59 !
! 28 - 15 ! 0.71 !
33 12.049 15 0.77 !
1
•




1 44.666 14 1 —  !
! 5 34 . 509 15 ! 0.39 “1
1 19 45.158 15 ! 2.20 1
1 21 — 17 1 
1
5.52 !
1 4 2 38.855 18 ; 0.39 !
! 4 - 18 ! 0.50 !
! 9 45.664 18 1 0.57 !
1 11 - 18 1 0.58 1
1 16 41.374 18 1 2.19 !
1
1




! 5 2 19.699 18 ! 0.39 1
1 5 36.933 17 Î 0.43 !
1 7 - 17 0.48 1
1 13 500.514 18 1 0. 66 1
1 1*9 105.315 17 1 5.57 1
1
: 6 2 49.683 17 0.43 !




I 7 1 121.257 16 : 0.42 Î
1 13 52.456 16 1 0.67 1
! 8 1 40.623 16 1 0.48 I
1 13 144.064 15 1 0.44 1
1 22 41.604 14 1 Mo Î
1 27 - 13 ! Mo 1
= =  =  =  = = = = = = = = = = =
5 16 S 1 26.717 17 - Î
1 15 31.552 17 1 1.46 I
1
17 S — 16 1 0.36 1




17 49.015 16 1 0.50
31 67.987 15 1 0.82
9=tSS=tB =  =S = ==========
4 11.650 19 0.46
11 15.208 18 1 0.72
18 9.945 IB 1 4.95
3 3.924 17.5 1 0.29
12 8.691 17 Î 0.53
.20 12.353 16.5 I 0.90
24 9.456 16 1 1. 06
31 17.689 15.5 i 1.29
38 16.442 14.5 1 1.96
45 15.071 14.5 ! 1.86
52 14.693 14.5 I 1.79
: =  =s s= =r. =  a= =s =51= ï= ï= =s =ï s= a  ï= =3 s= ss =5 := =  ns ï= es =  ïs ïs ïs a= =  î=z te =  s= se sa =: SB sat s= rr =  sa ss :
MO = meter was out of order.
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
Table 3.12 Summary of the regression analysis between the depth- 
integrated bacteria and the head loss at various runs 
of beds 14,5 and 4 at Ashford Common works. 
***************************************************** 
Equation: Y = a + bX
where Y indicates the bacterial integral 
X indicates the head loss




1 14 1 1 1 - 5.82 52.5 1,2 310.76 0.003 1
1 2 11 20.60 -12.0 1,2 0.17
1 5 1-589.00 1510.0 1,1 156.82 0.050 1
I — — — — 1--- 1 —— — —— — — — _  m,
1 5 |7 S 1 47.60 21.6 1,1 0.36 0.656 1
1 —-— 1--- 1 --------------------------- -------------------------- — — — —■ — — — —' M
I 4 18PSI1 1.30 11.20 1,3 11.65 0.042 1
I PSD I -4.28 10.50 1,1 20.93 0.137 1
S Shaded run
PSI Partially-shaded run with increasing bacterial data 
PSD Partially-shaded run with decreasing bacterial data
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Table 3.13 The depth-integrated values of ciliates, water
temperature and head loss at various runs of filter beds- 
14 and 5 in 1985 and bed 4 in 1986 at Ashford Common. 
********************************************************
Bed 1 Run Run age Ciliate 1 Water 1Head lossl
no. Ino. '(days) 10^ /cm2 1 temperature I (m) 1
1 1 To I 1
14 ! 2 7 18.360 I 11 1 0.27
1 14 73.248 1 12 1 0.47 1
1 21 45.455 I 12 1 0.59 1
1 28 36.395 1 15 Î 0.71
1 35 48.047 I 15 1 0.88
I 3 5 27.555 1 15 0. 39 1
21 71.250 1 17 5.52 !
I
I 4 5 58.392 ! 18 I 0. 50 1
! 12 62.582 1 18 I 0.58 !
1 20 79.016 19 1 2.09 1
1
1 5 7 77.726 1 17 1 0.48 !
Î 13 48.909 1 18 ! 0.66 }
1 6 2 26.397 1 17 I 0.43 1
1 11 51.404 ! 16.5 1 3. 50 1
1 7 1 17.923 ! 16 ! 0.42
1 13 73.490 1 16 ! 0.67
1
1 8 1 62.306 ! 16 1 0.48 !
1 13 69.241 1 15 0.44 1
; 22 58.516 I 14 I MO Î
1 27 63.000 13 ! MO
5 16 S 1 18.650 ! 17 1 - 1
1 15 71.760 1 17 1.46 1
1----
17 S 5 55.080 ! 16 0.37 !
! 17 115.020 1 16 1 0.50 Î
31 25.440 1 15 1 0.82 !
4 17 PS 6 25.800 19 1 0.53 I




18 PS 3 69.540 1 17.5 I 0.29 1
1 12 124.260 1 17 1 0.53 1
1 20 121.830 ! 16.5 I 0.90 1
1 24 73.590 1 16 ! 1 .06 1
I 31 34.470 1 15.5 1 1.29 !
1 38 72.300 1 14.5 1.96 1
1 45 25.890 1 14.5 1 1.86 1
1 52 50.220 14.5 1.79 !
MO = meter was out of order.
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
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Table 3.14 Summary of the regression analysis between the depth- 
integrated ciliated protozoa and the head loss at the . 
various runs of filter beds 14,5 and 4 at Ashford Common 
********************************************************
Bed |Run 1 a b 1 df F 1 P
no. |no. 1 
1___ 1 1 1



















1 PSD| 176.00 -87.80 1 1,2 4.87 1 0.158
S Shaded run
PSI Partially-shaded run with the increasing ciliate 
















meter out of order 
"until March 1966
Normalised,head loss, flow of water/ day, filtration rates 














Fiaure 3.2 Normalised head loss, flow of water/ day, filtration rates 
and water temperature for runs 1-9 of bed 5, 1985.
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Figure 3.3 Normalised head loss, flow of water/ day, filtration rates
and water temperature for runs 3-9 of bed 4, 1986.
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Bed 14, 1985 unshaded
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Figure 3.4 The relationship between the average water temperature and 
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Figure 3.6 The relationship between the depth-integrated POC
concentrations and the less than In head loss values in bed 









Figure 3.7 The time course of areal particulate organic carbon





lâure 3»8 The relationship between the depth-integrated partieulat(i 
organic carbon concentrations and the less than Im head 
loss values in bed 5 at Ashford Common during runs 1 and 2
20.cn
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Figure 3.9 The time course areal particulate organic carbon 
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Fidure 3,11 The relationship between the instantaneous carbon






































Figure 3*13 The relationship between the depth-integrated chlorophyll 










Figure 3*14 The time course of areal chlorophyll concentrations during







Figure 3,15 The relationship between the depth-integrated chlorophyll 
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Figure 3,16 The time course of areal chlorophyll concentrations during







l-iâure 3.17 The relationship betweeri the areal chlorophyll





4 6 12 16 20
Average water temperature ®C
Fisure 3.18 The relationship between the instantaneous chlorophyll
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Figure 3.19 The time course of areal bacterial densities during runs 
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Figure 3.20 The relationship between the bacterial instantaneous rates
and the average water temperature of bed 14, 1985.
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Figure 3,22 The time course of the areal bacterial densities during 
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Figure 3,23 The time course of the areal bacterial densities during 
the partially-shaded runs 7 and 8 of bed 4» 1986,
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Figure 3.25 The time course of areal ciliated protozoan densities 
during shaded runs of bed 5» 1985.








Figure 3.26 The time course of areal ciliated protozoan densities







Fiaure 3,27 The relationship between the instantaneous rates of
ciliates and the average water temperature of bed 14, 1985
partia lly  shadedBed 14 















Figure 3,28 The relationship between the areal ci liste densities and 











h / at Hampton Works, 1980
d.|Q= 0.16










at Asnford Common Viferks, 1965
d^Q= 0.201
= 0.360
U= 0.360/0.201 = 1.79





Fiaure 3.29 The weiaht percentages of the drain sizes of the samr-l ind 
core'sand at Hampton and Ashford Common Workes,
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CHAPTER 4
Vertical distribution of chemical and biological conditions
4.1 Chemical condition;
4.1.1-The un-shaded runs of bed 14
4.1.1a] Particulate organic carbon(POC)
i)Suspended carbon:
Water comes from the River Thames to the reservoirs where it 
stays for about 50-60 days, minimally, and 120 days, maximally, 
depending on season and the managment decision. This is done in order 
to minimize the quantities of particulate organic carbon. After the 
water is passed by gravity from the reservoir to the water treatment 
works where the larger particles are retained either by using the 
rapid (primary) sand filter beds as in Hampton or by passing it 
through microstrainers with minute meshes as in Ashford Common. This 
is followed by allowing that water to be passed slowly and vertically 
through 75 cm of sand in the the secondary slow sand filters.
Figure 4.1 illustrates the concentration of suspended POC in the 
water before and after the microstrainer treatment and at the output 
of the filter beds 14 and 5(in 1985) and 4(in 1986) during certain 
runs at Ashford Common Works. This data were measured and monitored 
by the Thames water Authority. The area between the carbon values 
before and after the microstrainers and that between the latter and 
the output of the filter beds indicate the level ^ of efficiency of the ^  
strainers and the sand filter beds in removing POC from the water.
The figure shows that the sand filters are more efficient than the 
microstrainers but only because of this pre-treatment stage. Table
4.1 provides similar data but sub-divided into bed runs. In general,
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the microstrainers remove up to 60% of the POC in their input water 
and the sand filters 80-90+% of the POC coming from the 
micro-strainers and this gives high overall efficiencies at particle 
removal, as is shown in table 4.1.
ii)Particulate organic carbon in the sand;
As has been described earlier in methods, the POC concentration / 
in the sand was determined at weekly intervals in 1cm depth 
sub-samples from the core samples by the Wraysbury laboratory of the 
Thames Water Authority. Appendix 4.1 presents the original data of 
the POC (mg/cm3 sand).
Figure 4.2 illustrates how the concentrations of sand POC vary 
with depth of sand throughout the time course of a run and for the 
eight runs studied of bed 14. The pattern of changes in the depth 
distribution of sand POC with run time is rather constant. On the 
first sampling occasion at the beginning of each run, the sand POC is 
rather low, tends to have a uniform distribution with depth and, 
often, already has a slight accumulation in the surface sand layers.
As the run proceeds, the POC cumulates more in the surface layers than 
in the deeper ones as can be seen in the figure. Towards the second 
half of the run, there exists a high concentration of POC in the 
surface few cms which does not change together with a sharp, almost 
exponential decrease with depth below 5-9 cm until, in the deeper 
sand, the POC concentration is rather low and increases only slowly 
with time.
An attempt was made to quantify this pattern of sand POC 
cumulation with depth by fitting an exponential relationship to it.
This was done by fitting linear regressions to the natural log of sand 
POC against depth. Table 4.2 presents a summary of the regression
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analysis between the In transformed carbon data and the depth of the 
sand. It indicates that, with the exception of the first few sampling 
dates of runs 1,2 and 8, regressions were obtained on most occasions 
in all the of bed 14. . The slope of this regression quantifies how the 
sand POC declines with depth and so is negative throughout the 
different sampling occasions with some exceptions. The negative value 
of the slope shows a tendency to increase with the age of the run till 
achieving maximum values at the end of the run when the slope of the 
significant regressions varied between -0.028 and -0.086; there was an 
exceptionally high value of -0.131 for run 6. Figure 4.3 illustrates 
how the regression slope or carbon gradient with depth varies with the 
run age, namely the slope becomes more steeply negative with age.
As most of the carbon was accumulated in the top 5-10 cm of the 
sand, the carbon data were divided into 2 groups: those of the upper
10 cms (O-lOcm) including the Schmutzdecke and those of the lower 20 
cms (20-30cm) of the core. Table 4.4 showed that the mean of the POC 
areal abundance at the top 10 cm varies minimally between 0.04 and 
0.08 mg/cm& as shown on day 1 of runs 3,7 and 8 at average water 
temperature of 16 and 14.5 t  and maximally between 0.69 and 0.75
mg/cmZ on days 27 and 19 of runs 8 and 3 with an average water
temperature of 14.5 and 15 C^ respectively. On the other hand, those 
values at the lower 20 cm vary between 0.04 and 0.06 mg/cmZ minimally 
as on day 1 of runs 3, 7 and 8 respectively and maximally between 0.23 
and 0.28 mg/cm& on days 22 and 33 of runs 8 and 2 respectively. Apart
from day 13 of run 8, the mean of the POC integral values at the top
10 cms increase directly with the duration of each run while that of 
the lower depths are fluctuating at most of the runs. The same table 
(4.4) presents that, apart from the only sample of run 6, the means of 
the areal abundance of POC at the top 10cm are higher than those at 
the lower 20cm depth except those belonging to the first two weeks
183
after re-sanding of that bed. Figure 4.4 illustrates the relationship 
between the natural log of the mean of the areal abundance of carbon 
and the duration of the run for the top 10 and the lower 20 cm at
different runs belonging to bed 14. It suggests the presence of a
relationship between In of carbon integral means and the duration of 
the run particularly for those at the top 10cm sand. This
relationship was quantified via the regression analysis and it was
found that the first 2 runs (spring time) and the 5th run (summer 
time) presented a significant relationship at the upper 10cm, while no 




Figure 4.5 shows the chlorophyll levels in the water before and 
after the microstrainer treatment and at the output of the filter beds 
14,5 (1985) and 4 (1986) in Ashford Common Works. These
concentrations were monitored by the Thames Water Authority. The 
efficiency of the microstrainers and the filter beds in removing 
chlorophyll from the water are illustrated by the area between the
chlorophyll values before and after the strainers and the area between
the microstrainer output and the output of the filter beds
respectively.
Table 4.6 shows that the overall removal percentage of the 
chlorophyll at bed 14 ranged from 71 to 99% during spring(April-May) 
and from 94 to 99.7% during summer(June-August). Those belonging to 
bed 5 varied between 92 and 99.9% during summer(June-July) with no 
shading, while those of the shaded runs ranged from 92 to 99.9% in 
period extending between July and September of the same year. The
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overall removal percentages of chlorophyll at bed 4 ranged from 94 to 
99% during unshaded run 6(June-july) and varied between 97 and 99.9% 
throughout the partially-shaded runs 7 and 8 during July to September. 
Again this table shows that the slow sand filtration is better in the 
overall removing of chlorophyll from the water than that of POC and it 
also exhibits that there was no differences in the removal 
efficiencies of chlorophyll at the three different beds where nearly 
99+% of chlorophyll was removed at all these beds.
ii)Chlorophyll levels in the sand:
The chlorophyll concentrations of the sand sub-samples at
different depths of the sampling cores were measured once a week by
the help of Wraysbury laboratory. Appendix 4.2 presents the depth 
distribution data of chlorophyll (ug/cm3 sand) from bed 14. Figure
4.6 illustrates the chlorophyll contents-of the sand sub-samples at 
various depths during the eight examined runs of bed 14. It shows 
that the chlorophyll concentration in the sand at the beginning of
each run was very low and more or less uniformly distributed
throughout 30 cm depth of the core'sand although a slight accumulation 
on the superficial layers of the sand apart from run 5 which was 
higher. As the run proceeded, more chlorophyll was accumulated 
particularly on the surface layers but then decreased sharply with 
depth. Towards the second half of the filter run, there exists a high 
chlorophyll leve^in the top few cms which does not change together 
with a sharp, almost exponential decrease with depth below 5-9 
CM until, in the deeper sand, chlorophyll concentration is rather low 
and increases only slowly with time. An attempt was made in order to 
quantify this pattern of sand chlorophyll cumulation with depth by 
fitting an exponential relationship to it. This was done by fitting 
linear regressions to the natural log of the chlorophyll of the sand
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against depth.
Table 4.7 presents a summary of the regression analysis between 
the In transformed chlorophyll data and the depth of the sand. It 
shows that significant regressions were obtained throughout the 
various times of each run. The slope (b) of the regression, which 
represents the chlorophyll gradient with the depth, is negative
throughout the different sampling dates for each run and increases in
value (that is, becomes more steep) with the age of each run till
achieving maximum on the last sampling occasion of the run. Figure 
4.7 illustrates the relationship between the chlorophyll gradient (b) 
from significant regression and the duration of various runs at bed 
14.
As mentioned earlier, the chlorophyll concentrations were highest 
on the top layer of the sand and hence the chlorophyll data were 
divided, like that of carbon into 2 groups: that of the upper lOcms
including the Schmutzdecke and that of the lower 20cms of the
core'sand which integrated with these depths at various times of each 
run. Table 4.4 and figure 4.8 show that the mean of the areal 
abundance of sand chlorophyll was higher at the top lOcms than that at 
the lower 20cms of the sampling cores throughout the various runs of 
bed 14 apart from those of day 1 at run 8. It was found that the 
minimal values for the mean of the chlorophyll areal abundance 
(0.20-0.34 ug/cm^/cm) were restricted to day 1 of runs 3,7 and 8, 
while the highest values were found mostly at the end of runs 1 and 5 
(7.15-7.65 ug/cm3/cm) apart from the last sampling date of run 8. The 
relationship between the natural log of the chlorophyll integral 
means, at top 10 and lower 20 cms, and run's duration was quantified 
via the linear regression analysis which proved that chlorophyll-a has 
a significant relationship at both upeer 10 and lower 20 cms with the 
age of run 1 only as can be seen in table 4.9.
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4.1.2] The shaded and the partially-shaded runs of beds 5 and 4 
4.1.2a] Particulate organic carbon(POC):
As mentioned previously in chapter 3, the shading of the filter 
bed 5 during a period between June and October 1985 made the duration 
of the shading runs is longer than those of bed 14 during the same 
time of the year(1985). It is useful to compare the behaviour of the 
sand POC of the shaded and unshaded runs of beds 14 and 5 for the same 
period of time in order to see if there are any differences. The full 
data on depth distribution for the carbon concentrations of bed 5 
during runs 6 and 7 can be seen in appendix 4.1. Figure 4.2 
illustrates the depth distribution of the organic matter throughout 
the sand of the sampling cores belonging to the shaded runs of bed 5.
It shows the same pattern of behaviour as that of the equivalent runs
of bed 14 and the carbon concentrations were more or less similar at 
various depths at the beginning of the run. This was followed by the 
same kind of surface accumulation of POC with the age of the run 
accompanied by an exponential decline between 5 and 9cm depth. Below 
10 cm depth, the carbon concentrations are much lower but do increase 
slowly with time. Table 4.2 shows that the carbon gradients with the 
depth bed 5 are negative in their values and steepen with the duration 
of the run. In order to quantify the relationship between the 
significant slopes and the duration of the run, the regression 
analysis was applied and it was found to be significant (P= 0.03) as
can be seen in table 4.3. Also, during the two comparable runs of 
beds 14 and 5, run 7 in both, the slopes of the significant
regressions for the POC depth distribution are more or less similar
(-0.05 to -0.07 for the shaded run 7 and -0.07 for the unshaded run 7 
of beds 5 and 14 respectively) as can be seen in table 4.2.
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Similarly, the sand POC concentrations at various depths in bed 4 
behave similarly to those of the other two beds but have much higher 
carbon concentrations (figure 4.2). This increase may mainly be due 
to the high organic matter level of the input water of that filter bed 
during 1986 as mentioned earlier in this chapter. The relationship 
between the carbon concentrations and sand depth in bed 4 was examined 
quantitatively by using the regression analysis with In transformed 
carbon concentrations on sand depth. Significant regressions were 
obtained for all sampling occasions of the partially-shaded run 7 of 
bed 4 (table 4.2). The slopes giving the carbon gradients with depth 
of that run increased from -0.03 on day 4 to -0.06 on day 11 and then
kept constant till the end of the run. The same relationship was
examined for the partially-shaded run 8 of bed 4. As in the
partially-shaded run 7, significant regressions were obtained for all
except the first run. The slopes increased from -0.02 to -0.13 during 
a period between the 3rd and the 20th days of the run and then kept 
more or less constant, with a few fluctuations, until the endof the 
run (table 4.2).
4.1.2b] Chlorophyll of the sand of the sampling cores:
Figure 4.6 shows the relationship between chlorophyll concentrations 
in the sand and depths in the shaded runs 6 and 7 of bed 5. The raw 
data are in appendix 4.2. Chlorophyll concentrations in this bed 
behaved similarly to those of bed 14, despite of its shading. 
Chlorophyll shows more or less similar concentrations at various 
depths with more accumulation on the surface at the first sampling 
date which were followed by an exponential decrease with the depth(at 
the top 5 cm)in the following sampling occasions. The 
chlorophyll-depth relationship during the shaded run 7 of bed 5 was 
examined quantitatively using the regression analysis and it showed 
significant pattern throughout all the sampling dates of that run
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(table 4.7). The chlorophyll gradients with depth are negative and 
increase in value during 11 days of the run and then become more or 
less constant, as can be seen in table 4.7. Comparing the chlorophyll 
gradients of run 7 of the unshaded bed 14 with the shaded run 7 of bed 
5, it appears that the gradients of the latter are higher (-0.04 and 
-0.13 on days 5 and 17) than those of the former run (-0.03 and -0.08 
on days 1 and 13) which may or may not be due to the shading effect.
Figure 4.6 and appendix 4.2 show that chlorophyll concentrations 
of bed 4 like its sand POC values are generally higher than the other 
two beds. The sand chlorophyll contents of the partially-shaded run 7 
of bed 4 are rather similar to those of beds 14 and 5, while those of 
run 8 of the same bed are higher than all the other runs at any of the 
studied beds.
Table 4.7 gives a summary of the results from the regression
analysis of chlorophyll a concentration and depth of sand in the 
partially-shaded runs 7 and 8 of bed 4. As can be seen, significant 
regressions were obtained for all sampling occasions except the first 
in run 8. When the slopes of the regressions, that is the chlorophyll 
gradients with depth, are compared for the contemporaneous runs of 
beds 14, 5 and 4 (run 7 in each bed), it was found that they are very 
similar and that they similarly become more steeply negative with 
time: for bed 4, -0.08 to -0.13; bed 5, -0.04 to -0.13; bed 14, -0.03
to -0.13. This is despite bed 4 being sampled in 1986 whilst the 
other two were sampled in 1985. However, run 8 of bed 4 behaved
differently; its chlorophyll gradients with depth were much steeper, 
from -0.14 to -0.20.
Table 4.4 shows that the mean of the areal abundance of the 
organic matter at the top 10 cm is higher than that of the lower 20 cm
except those of the first sampling occassions of run 7 at beds 5 and 4
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respectively. The POC integrals at the lower 20 cm sand of the 
sampling core increased with the duration of the shaded and the 
partially-shaded runs, where the values increase from 0.14 to 0.20, 
from 0.33 to 0.36 and from 0.05 to 0.26 mg/cm^/cm for the shaded run 7 
of bed 5 and the partially-shaded runs 7 and 8 of bed 4 respectively. 
Quantifying this increase via the regression analysis exhibits that 
this increase is significant (P= 0.01) only with the duration of run 8 
of bed 4 as can be seen in table 4.5. The mean of the areal abundance 
of carbon at the upper 10 cm sand of the sampling cores increases from 
0.19 to 0.45, from 0.58 to 0.74 and from 0.07 to 1.78 mg/cm3/cm for 
shaded run 7 of bed 5 and the partially-shaded runs 7 and 8 of bed 4 
respectively. Again, the partially-shaded run 8 of bed of bed 4 shows 
a big difference and table 4.5 shows that this increase is the only 
significant (P= 0.05) one with the duration time of that run.
Table 4.4 shows that the means of the chlorophyll areal abundance 
at the shaded and partially-shaded runs of beds 5 and 4 were higher at 
the top lOcms sand than those of the lower 20cms sand analo^us to 
those of the unshaded runs of bed 14. While the means of the 
chlorophyll integrals at lower 20cms sand were more or less within the 
same range in the three filter beds, their values at the top lOcms 
sand were much higher in the partially-shaded runs as compared with 
those of the shaded and the unshaded beds 5 and 14 respectively.
Table 4.10 shows that the increasing instantaneous rates of the 
organic carbon and the chlorophyll (which were calculated roughly) for 
the unshaded, shaded and partially-shaded runs of beds 14, 5 and 4 are 
higher thgroughout the top 10 cm than those at the lower 20 cm of the 
sampling core with very few exceptions (POC at run 5 of bed 14 and 
chlorophyll-a at runs 1 in bed 14 and 8 in bed 4).
Apart from runs 1 in bed 14 and 7 in bed 4, the mean of the POC 
integral values of the three filter beds, at 0-10 cm sand is twice
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high than those at 10-20 cms in the sampling cores'sand. It was found 
also that the POC instantaneous rates, in general, at the top 10 cm 
and the lower 20 cm for the shaded run 7 in bed 5 and the
partially-shaded run 7 in bed 4 are less than those of bed 14, while 
those rates of the partially-shaded run 8 of bed 4 are within the 
range of bed 14.
it was found that the increasing instantaneous rate of
chlorophyll-a ranged from 0.14 to 0.16/d during April-May and from 
0.16 to 0.26/d throughout a period extending between June and October 
apart from that of run 5 during August (0.07/d) at the top lOcms sand
in bed 14. On the contrary, it was found that chlorophyll rates are
fluctuating at the bottom 20 cms (table 4.10) with undefined reason 
where the rates ranged from 0.14 to 0.19/d in runs 1,4 and 7 and 
varied between 0.02 and 0.09/d in runs 2,3 and 8 in the same filter 
bed. On the other hand, the chlorophyll rates at the top lOcms of run 
7 in both filter beds 5 and 4 were less than those of bed 14, while 
the coresponding chlorophyll rates at the bottom 20cms were more or 
less similar to each other. The partially-shaded run 8 of bed 4 
showed an unexpected feature where its chlorophyll rates at both top
10 and bottom 20 cms were higher than those of the unshaded runs of 
bed 14.
4.2 Biological condition;
4.2.1] Vertical distribution of bacterial populations
As described earlier in chapter 2, the following procedure was 
used to estimate bacterial populations in the sand by direct counting. 
The 1cm- sand subsamples were shaken in a fixed volume of sterilised 
water for 30 minutes using Stuart flask shaker at a speed of 40 HZ i.e 
40 vibrations/sec. The bacterial populations which come off the sand
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grains were diluted using sterilised distilled water, stained 
carefully with a certain volume of acridine orange solution for 6 
minutes, filtered onto 0.22um Millipore membrane, washed with 20ml
sterilised distilled water, covered with Cargile oil, then examined 
and counted with the help of Leitz Orthoplan microscope with UV 
illumination. Appropriate calculations give bacterial densities per 
cm3 sand volume. The bacterial population densities were recorded at
the different depths of various runs belonging to the filter beds 14,5
9
and 4 as 10 /cm^ sand in appendix 4.3.
Figure 4.9a illustrates how the depth distributions of the 
bacterial populations change during the various runs of the studied 
filter beds. This figure shows that the bacterial population 
densities are low and more or less uniform throughout the different 
depths during the first sampling occasion of each run of bed 14, apart 
from run 7 which showed a surface avoidance and run 8 which showed a 
quick surface accumulation. Afterwards there is an increase with the 
time, particularly in the top 5-10 cm sand as can be seen in runs
1,2,3,4,5,6 and 8. This increase was normally less than one order in 
magnitude during the course of a run except run 5, during August 1985, 
when the bacterial population on day 13 was abnormally high at all 
depths than those of days 1 and 5 of the same run. The reason for 
this is not known. It can be seen that throughout the lower 20 cm 
sand the bacterial population densities were much less than those of 
the upper layer. Despite the late first-sampling dates for runs 1 and 
2, the bacterial population densities of the top layer of sand were
less than those of the other early-samplings of subsequent runs. This 
is probably because runs 1 and 2 followed a resanding of bed 14. It 
appears that the bacterial depth-distribution is nearly uniform and 
has low bacterial densities during the first 24 days of run 1 and then 
showed an increase throughout the various depths in population near
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the end of the run i.e on day 33.
The same figure (4.9a) shows the depth distribution of the
bacterial populations for the shaded and the partially-shaded runs
belonging to beds 5 and 4. For the shaded runs of bed 5 (1985), it
was found that the bacterial densities at run 6 in which the upper 4
cm sand was lost behaved similarly to most other runs of bed 14. Its
densities on day 1 is more or less uniform with depths (i.e from 5-30
cm sand depth). This was then followed by a surface accumulation
phase on day 15 in the top 3 cm sand and an increase but uniform
bacterial population density in the lower depths. A comparison of run
7 for bed 14 (unshaded) and run 7 for bed 5, both runs at the same
time of year 1985 (September), showed similar "surface avoidance" and
similar peak bacterial densities at about 5 cm depth (with densities
of 6.45 and 7.53 10 /cm3 sand respectively). Subsequently, a surface
accumulation occurred as normal, as can be seen in figure 4.9, with
maximal bacterial populations in the top 1cm sand of 3.85 lO^/cm^ on
9
day 13 of the unshaded run 7 of bed 14 and 4.27 and 6.94 10 /cm^ sand 
on days 17 and 31 of the shaded run 7 of bed 5 respectively.
Figure 4.9a and appendix 4.3 show that the bacterial densities of 
the partially-shaded runs 7 and 8 of bed 4(1986) exhibited a more or 
less similar depth distribution pattern on the first sampling date, as 
in various runs of beds 14 and 5, which changed into an exponential 
decrease with the depth afterwards. It was detected that the
population densities of bacteria at the different sand depths in bed 4 
were much lower than those of the beds 14 and 5. Comparing the
maximal bacterial densities at these three filter beds during autumnal 
months of September-October 1985 (beds 14 and 5) and those of 1986
(bed 4), it was found that these values at the top 1cm are 11.8, 6.9
and 1.9 lO^/cm^ at beds 14, 5 and 4 respectively.
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Table 4.11 gives the results of regression analysis of the 
bacterial population densities versus sand depths in filter beds 14,5 
and 4. The table shows that this relationship is not significant on 
any sampling occasion of run 8 of bed 14. Also, it was not 
significant for any first sampling date of any runs of the different 
beds, apart from runs 5, bed 14 and 7 of bed 4 which took place 
between July and August of 1985 and 1986 with an average water 
temperatures of 17.5 and 18.5°C respectively. On the other hand, the 
regression analysis shows a significant relationship between bacteria 
and depth on all subsequent dates. Considering the significant
regressions only in table 4.11, it is clearly that the regression
slope becomes more steeply negative as the run proceeds, in a manner 
similar to what was described for sand particulate organic carbon. 
This can be seen in several runs for bed 14 and run 8 of bed 4 (up to 
day 20). Also from the same table, it appears that the intercept (a) 
increased with the run age at all the studied beds which means that 
the bacterial density at zero cm sand increased as the filter run 
going on except run 7 of bed 14.
As described earlier in this section that the bacterial 
densities/cm- were highly accumulated at the top 5-10 cms sand, the 
bacterial data of the sampling cores were divided into two sets; these 
at top O-lOcms and those at the lower 20 cms sand. Table 4.12 shows 
that the mean of the areal densities of the bacterial populations at 
the top lOcms sand was higher than that of the lower 20cms throughout 
the various sampling dates of the runs of the filter beds 14 (apart
from those of the first sampling date of runs 1,4 and 6), 5(1985) and
4(1986). According to the studying of nine sucessive runs at bed 14, 
it appears that the means of the areal bacterial densities at the top 
10 and the lower 20cms sand were highest during September-October 
period, followed by those during June-August and then those throughout
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April-May period as can be seen in table 4.12. While the shaded run 7 
of bed 5 (in September) showed that the mean values of the areal 
bacterial densities are more or less similar to those of the unshaded
runs of bed 14, the partially-shaded runs 7(in August) and 8(in
Aug-Sept) of bed 4 exhibited lower means of the areal bacterial
densities at the top 10 and lower 20cms sand than those belonging to
to the runs of beds 5 and 14.
Table 4.13 shows the daily instantaneous rates of the bacterial
populations at the top 10 and the lower 20cms sand of the sampling 
cores in the filter beds 14,5 and 4. It exhibits that the daily 
instantaneous bacterial rates are equal at both the top 10 and the
bottom 20cms of sand throughout runs 1,2,5 and 8 of the filter bed 14.
Runs 3 and 4 during June and July showed that the rates of the upper 
10cm layer are higher 3 and 10 times than those of the lower 20cm 
layer respectively. It was also found that the instantaneous rates of 
bacterial populations at the top 10 and bottom 20cms of the bed 14
were highest during April-May (0.17-0.36/d at top and bottom layers) 
and lowest throughout a period extending between June-July (0.03/d and 
0.003-0.01/d at top 10 and bottom 20 cms sand respectively). All 
these rates are positive in values except those of run 7 and that of 
the lower 20cm sand of run 3.
The shaded run 7 of bed 5 showed a negative daily instantaneous
bacterial rates at both top 10 and lower 20cms as those of run 7 (in
bed 14) that can be seen in the same table (4.13). On the other hand, 
the daily instantaneous rates of bacteria for the partially-shaded 
runs 7 and 8 are positive in value and they are 0.06/d and 0.1/d at
the top 10cm for both of these two runs and 0.03/d and 0.05/d at the 
lower 20cm sand of the same two runs respectively. Comparing these 
rates at the partially-shaded run 7 of bed 4 (in August 1986) with the 
unshaded runs 5 and 6 of bed 14 (in August 1985), it was found that
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these rates were higher in the latter bed than those of the former bed 
4 at both layers.
4.2.2] Vertical distribution of the ciliated protozoan population
The depth-distribution of the ciliated protozoa as examined at 
various within the depths of sampling cores for different filtration 
runs of beds 14, 5 and 4 and this data can be seen in appendix 4.4. 
Sub-samples of lcm3 sand were cut, as described earlier (chapter2), at 
different depths in each sampling core, placed in double muslin tissue 
inside a small funnel, washed with total of 100 ml water (collected 
from the same filter bed and filtered through Whatman GF/F to remove
any ciliates) and the filtrate was settled in a sedimentation chamber,
as described previously. The sedimentation of the ciliates lasted for 
about 5 hours at 5 inside a refrigerator. This procedure was 
followed by the examination and counting of the settled protozoans by 
means of an inverted microscope with magnification power of 20X10 (for 
counting) and 40X10 (for identification).
Figure 4.10 illustrates the relationship of the numerical 
abundance of the commoner ciliate populations at different depths 
within the sampling cores taken from bed 14 during its filter runs of 
2 to 8. It shows that the maximal densities of ciliates develop 
mainly in the top 5cm of sand and towards the second half of a run
whereas, below 5cm, densities were much lower and either rather
constant or increased slowly during the course of the run. This 
happened in most runs, apart from run 2, and in all seasons. In run 2 
during May-June, the peak densities fell between 3 and 5cm depths on 
days 14 and 35; this run was also exceptional in having higher 
densities in its low depths on days 14 and 21. In the briefer run 3 
during June-July, maximal ciliate densities developed higher in the 
top 1 to 2cms of sand and their densities declined sharply with depth
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on both sampling dates but with double the numbers on day 21 compared 
with day 5. During the first two sampling dates of run 4 in July, the 
ciliate densities at 1cm depth were over 3000 per cm3 but declined to 
about 1000 per cm^ by day 20 but another peak density developed lower 
at between 3 and 5cm from day 12 to day 20 to about 5000 per cmJ. 
This seems to indicate an avoidance of surface conditions by the 
ciliates. There were only two sampling dates in run 5 during August 
and, by the first on day 7, the highest ciliate density ever recorded 
(8781 per cmJ) had already developed in the top 1cm. The ciliate 
densities on this day declined exponentially with depth down to 840 
per cm-3 at 30cm. By day 13, another pattern of depth distribution had 
developed: densities were lower at 1cm (3236 per cm3), minimal at
10cm (1204 per cm3) and higher again at 30cm (2688 per cm3). Runs 6 
and 7 started, on days 2 and 1 respectively, with densities of less 
than 1000 per cmJ throughout all the depths of the sampling core but 
densities trebled or quadrupled by day 11 or 13 (respectively) in the 
top 3cm or 5cm of sand. In run 8 during October, initial densities on 
day 1 were already quite high at about 3000 per cm3 in the top 5cm and 
also quite high in the lower depths (1484 to 2240 per cm3). There may 
have been some upward transport of the animals during back-charging. 
By day 13, densities increased in the top 5cm of sand (7112 per cm^ at 
1cm) but declined somewhat below 5cm. Subsequently, ciliate densities 
declined throughout all depths, although still retaining higher 
numbers near the sand surface.
Accordingly, it is possible to classify the depth distribution of 
the ciliated protozoan populations into three characteristic phases:
1] The first phase:
This is the phase in which the ciliate densities are more or less 
uniform throughout the whole depth of the sampling core, but with
197
slightly higher densities at the surface or bottom depths. The 
ciliates in this early stage of the run may come from the water 
passing downwards through the filter bed and/or from water moving 
upwards during the backcharging of the bed. They may have already 
been present in the moist sand bay used to fill the sampling cores but 
in some state of encystment. This phase was recorded during the first 
two days of the run, as for example in runs 6 and 7 of bed 14.
2] The second phase:
This is the phase during which the ciliate populations exhibit a 
characteristic depth distribution with the development of higher 
surface densities in the top 5cms, an exponential decrease with depth 
to 10cm depth and a more or less similar constant low density down to 
30cm sand depth. The population increase in ciliate numbers in the 
surface layers is likely to be associated with the increased 
availability of food in the form of bacteria, algae, and diatoms as 
well as plentiful oxygen. This phase occurs mainly between day 5 and 
22 of the run, as can be seen during runs 3,5,6,7 and 8.
3] The third phase:
This is the phase during which the ciliated protozoa seem to avoid the 
surface sand and peak densities appear at lower depths. This phase 
usually does not appear before day 19 of any run, apart from run 2 
which it occured between day 14 and 35. The reasons for this surface 
avoidance are not known but may be associated with worsening oxygen 
condition or various kinds of biological interactions with meiofauna 
or carnivorous ciliates.
The depth-distribution of the ciliated protozoan densities of bed 
5 was studied in the same year of 1985 during the shaded runs 6 and 7. 
Figure 4.10 shows that the distribution of the total ciliates is more
198
or less constant at less than 1000 per cm2 at different depths on day 
1 of run 6; the upper 4cm sand of the core were missed during
sampling. This is phase 1. The second phase was sampled on day 15 of
the run, when the highest population density was recorded at the top 
1cm (6468 per cm3) followed by an exponential decrease to 5cm and then 
by a more or less similar densities down to 30cm (1400 per cm3).
Phase 3 was not sampled in this run. On the other hand, the
depth-distribution of the ciliated protozoa in the shaded run 7 of bed
5, which lasted longer than run 6, showed some modification in the
nature of the three previously mentioned phases: the first phase
still existed on day 5 of the run unlike the situation in bed 14; the 
second phase on day 17 showed that the ciliate populations had
increased in density considerably and were more than 4500 per cm3 
throughout the top 10cm of sand; the surface avoidance third phase was 
replaced by a more or less homogeneous depth-distribution by day 31 of 
the run. This distribution was quite similar to phase 1 in run 7 but 
with much reduced ciliate densities (less than 1000 per cm3).
Figure 4.10 also shows the depth distribution of the ciliate
populations in the two partially-shaded runs 7 and 8 of bed 4, which
were studied one year later than beds 14 and 5, during August,
September and October. It shows that on both days 6 and 18 of run 7 
in bed 4 the depth distribution of the ciliate population exhibited a 
slight surface accumulation characteristic of phase 2. On the other 
hand, the depth distribution of the ciliates in the partially-shaded 
run 8, which lasted longer (59 days) than any other run during this 
study, showed much higher maximal ciliate densities (10024 cells/cm3) 
in the top 1cm on day 20 than those of any run be lording to beds 14 
and 5. Figure 4.10 shows that the first phase can be detected on day 
3. The ciliate populations then increased enormously at various 
depths on days 12 and 20 during which the ciliates showed a
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conspicuous surface and bottom accumulation. This was followed by 
typical phase 2 distribution with a surface accumulation between days 
24 and 45 but with considerably reduced ciliate densities compared 
with days 12 and 20. The third surface avoidance phase was observed 
much later in the run, on day 52.
Table 4.14 presents a summary of the significant regressions 
relating the In-transformed ciliate population densities with sand 
depths for various runs belonging to the filter beds 14,5 and 4. The 
occasions when no significant regression could be obtained were 
omitted from table 4.14. Contrary to the significant regressions 
obtained for the relationship of the organic carbon, chlorophyll-a 
concentrations and bacterial populations to depth, the ciliate 
density-depth relationship was not significant on most of the sampling 
occassions of the runs belonging to bed 14 (13/20). In contrast, this 
relationship was significant on all three of the sampling dates of the 
shaded run 7 of bed 5 (1985) as it was also in the partially-shaded
run 7 of bed 4 (1986). Only in the partially-shaded run 8 of bed 4
was it not significant. An insignificant relationship between ciliate 
densities and depth could be the result of one or more of the 
following reasons:
1) A uniform ciliate depth distribution, as in phase 1 of 
run 6 and 8 in bed 14.
2) The changing pattern in the depth distribution of ciliate 
densities that was occurring in run 4 of bed 14.
3) The surface avoidance behaviour on certain sampling occasions, 
as in runs 2 and 4 of bed 14.
All these factors cause an irregularity of the numerical data 
with the depth and led to a not significant relationship.
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As mentioned earlier in this section, the highest ciliate 
densities and the most conspicuous ciliate exponential decrease with 
depth occurred within the top 10cm sand. It was decided to compare 
the mean densities and the growth in densities of the two sand layers, 
from O-lOcm and 10-30cm. This was done by integrating the densities 
(number per cm&) for the top 10cm and lower 20cm of sand, thus 
obtaining areal densities (number per cm2) and then div by 10 or 20 in 
order to obtain a mean value as numbers per cm-3 fores-c^ jthe two sand 
lasers. Table 4.15 lists the areal abundance of the total ciliates 
for all sampling occasions and every run for the three beds. Figure 
4.11 plots the results obtained but in terms of the mean numbers per 
cm3 of sand. It shows that the mean of the areal ciliate densities at 
the top 10cm sand is higher than that of the lower 20cm at the filter 
runs of beds 14,5 and 4. Also, it was found that the total ciliates 
increased in their areal densities at these two sand layers mainly 
during day 13 and 21 of all the runs of bed 14 apart from those of run 
5 which showed a decrease at both of these layers between days 7 and 
13 and those of the lower 20cm sand in run 8 of the same bed. This 
was followed by either constant or fluctuated declined areal values, 
the same pattern was found to be followed at the shaded run 7 of bed 5 
as well as the partially-shaded run 8 of bed 4 where ciliates achieved 
their maximal densities on days 17 and 20 of these two runs 
respectively. On the other hand, ciliates showed a declination 
behaviour in the mean of their areal densities between days 6 and 18
of the partially-shaded run 7 in bed 4 during August 1986 which is
more or less similar to run 5 of bed 14 in August 1985.
The calculation of the daily instantaneous rates of numerical
increase (r/d) of the total ciliates was done using the formula [In Nt 
= In No + rt] as will be explained in chapter 6. This formula was 
applied to the ciliate areal abundance given in table 4.15 and the
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values for r per day obtained are listed in table 4.16; these values 
were calculated by regression for the time interval indicated by the 
two run ages in brackets and this was the only period in the run when 
significant regressions were obtained. Table 4.16 shows that positive 
r-values for the ciliates from the top sand were obtained for bed 14
in all runs but run 5, for bed 5 in run 7 and for bed 4 in run 8 but
not run 7. More or less the same result was obtained for the ciliates
from the lower sand, in terms of positive r-values, apart from the
additional negative values for run 8 of bed 14.
The highest daily instantaneous rates of increase in table 4.16
was for run 2 of bed 14 and these were high for both sand layers (0.22
/d and 0.18/d). These occurred during the May-June period in the year 
when the water temperature was aboutl3^C. The only other run of bed 
14 with high rates that were similar in both sand layers (0.11/d and 
0.12/d) was run 7 which was sampled in September when the temperature
was higher at 16 °C. All other positive rates for runs of bed 14 were
lower, at less than 0.1/d, apart from the 0.11/d recorded for the 
upper sand in run 6; the temperatures for these runs with low positive 
r-values ranged from 15*C (run 3), 18 C (run 4) and 14.5*C (run 8).
It appeared that for both sand layers in run 5 of bed 14 and run 
7 of bed 4, both sampled during the month of August when temperatures 
were high at 17.5 T  and 18.5 °C. These may be a response to 
deteriorating dissolved oxygen conditions associated with high total 
community night respirations.
Figure 4.11a plots on semi-logarithic paper the positive 
instantaneous rates of increase of ciliates from the top 10cm and 
bottom 20cm of sand against temperature. There appears to be a 
logarithmic decrease in the rates as temperature increases during the 
spring-summer months of May to July for runs 2-4 for both sand layers.
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The regressions given in table 4.17 are statistically significant,
despite the low number of data points, with temperature coefficients
of -0.05 and -0.04 for the top and bottom sand respectively. A
different response to temperature is shown during the other runs of
bed 14 and the runs with positive values for bed 5 and 4. These runs
fell mostly in August to October and there was a smaller range of
temperature (14.5-17°C). Nevertheless, the r-values for the ciliates
from the top sand increase with increase in temperature with a very
high temperature coeffiocient of +0.46. There were too few points for
the ciliates from the lower sand. There is, therefore, two patterns
S
of temperature response exhibited by the positive rates of increase of 
ciliates from the whole sand column: a negative response from May to
July and a positive response from August to October.
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4.3 Depth distribution of the common ciliates in slow sand 
filters at Ashford Common
The population densities (No/cmS) of the ten species of most 
common ciliated protozoans studied at different sand depths in 
different runs of bed 14 can be seen in figures 4.12 to 4.21 and in 
appendix 4.4. The taxonomic position and the linear dimensions of 
each species will be given latter in chapter 6. The depth 
distribution of each species is described in this section.
Cinetochilum margaritaceum Perty
This species was found at maximum densities mostly at the top 4cm 
of the sampling core sand, as can be seen in figure 4.12. Table 4.18 
shows that the maximal densities of this ciliated bacterivorous
protozoan range between 280 and 2509 cells/cm3 throughout the various 
runs of bed 14. The highest maximal density (2509/cm3) was recorded 
at 2cm depth on day 7 of the fifth run during the summer (August) with 
a water temperature of 17C. During late spring time (May-June), the 
highest density of 280 cells/cm3 occurred on day 35 at 20cm depth, 
whilst the highest density of 1624/cm^ in the autumn (October)
appeared at the surface layer on day 13 with a water temperature of 15
“C. Goddard (1980) recorded 920/cm^ as the highest density for this 
ciliate at Hampton Works during a summer run. Thus, Cinetochilum s^ 
maximal densities were three times higher in Ashford Common beds than 
Hampton ones, as can be seen in table 4.19.
Cyclidium spp(figure 4.13)
This ciliate genus, with possibly species, shows maximum
abundance in the top 5cm sand but mainly in the top 1cm. According to 
Bick(1972), there are two species of this genus; Cyclidium citrulus 
and C. glaucoma, but it was not easily to identify both of them during
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this study due to their continuous movment. Table 4.18 exhibits that 
the maximal population density of this bactivorous ciliate varied 
between 308 and 1120 cells/cm^ throughout the unshaded runs of bed 14. 
The very highest maximal density of 1120 cells/cm3 of this species was 
found in the top 1cm sand on day 13 of run 8 during the autumn 
(Oct.)and at 15C; by the next highest peak of 784 cells/cm3 at the 
same depth on day 7 of run 5 occurred at 17 during August and the 
next record of 462 cells/cm3, also in the top 1cm, appeared on day 7 
of the second run during May and at 11 water temperature. This 
indicates that Cyclidium prefers to inhabit mainly the surface layer
during the spring, summer and autumn.
It appears that the maximal densities of Cyclidium in Ashford Common 
beds are more or less similar to those attained in Hampton Works. In 
the latter Works, the maximal population of Cyclidium appeared in the 
autumn (740 cells/cm3) and spring (130 cells/cmS) but in 2cm rather 
than 1cm depths.
Vorticella spp.(figure 4.14)
This bell-shaded stalked bacterivorous peritrich was found at 
different depths of the sand throughout the whole length of the
sampling cores, despite its sessile nature. This may be due to the 
relatively high filtration rates of 40 cm/hr used in these filter 
beds. This genus has mainly the following species: Vorticella
campanula Ehrenberg and convallaria L. at Ashford Common Works. 
Table 4.18 shows that its maximal population densities throughout the
different runs of bed 14 vary between 327 and 1535 organism/cm^ sand
and are restricted mainly to the top 3cm sand, although with some 
maxima at 10cm depth. The highest maximal density of 1535 cells/cm-â 
was found in the top 1cm on day 35 of the second run during the spring 
(early May) at 15C water temperature. The lower maximal density of 
476 cells/cm^ for that ciliate was found in summer (July) at 3cm depth
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on day 4 of the fourth run where the water temperature was 18C. On 
the other hand, Vorticella showed an intermediate density of 588 
cells/cm3 at the uppermost 1cm sand on day 13 of run 7 during autumn
o
(Sept.) at 16C water temperature. It is worth mentioning that the
highest maximal vorticellid density recorded at Ashford Common Work 
3 .
was 1535/cm is three times higher than that at Hampton Works (494/cm^) 
as shown in table 4.19.
Chilodonella spp(figure 4.15)
It is worth mentioning that this hy algal-feeding ciliate 
was the most abundant species at all depths in all the filtration runs 
of the filter beds 14,5 and 4 in Ashford Common Works. Hence, it may 
have a major effect on the rates of change in the total ciliate 
densities. Table 4.18 shows that the highest densities of this 
species varied between 1120 and 5606 cells/cm3 in the different 
unshaded runs of filter bed 14 and this can be contrasted with the 
minimum value of 3276 and maximum value of 8781 individual/cm3 for the 
total ciliates. Out of 20 sample dates, in 8 peak densities were 
recorded at 5cm depth, 6 in the top 1cm including the schmutzdecke, 4 
at 3cm depth and only 2 from lower depths (appendix 4.4).
The maximal densities were found to be 5530 cells/cm3 during the
o
spring (May) on day 14 at 5cm depth with water temperature of 15C, 
5606 cells/cm- during summer time (August) on day 7 at the uppermost 
1cm with 17C water temperature and 3780 cells/cm3 at 3cm depth during
O
the autumn (Oct.) on day 13 of run 8 at 15C water temperature. The 
highest maximal density of this species is 20 times higher than that 
found in Hampton Works (table 4.19).
Tachysoma pellionella Muller
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This hypotrich and omnivorous ciliate shows that maximum 
densities are restricted mainly to the upper 2cm sand and that 
densities were lower below 4cm depth. It was found that the maximal 
densities of this hypotrich during the various unshaded runs of bed 14 
vary between 56 and 1568 cells/cm3 sand, as can be seen in table 4.18. 
Figure 4.16 shows that the highest maximal density of 1568 cells/cm3 
was recorded in the top 1cm sand on day 22 of run 8 at the autumnal 
time (Oct.) where the water temperature was 14C. A density of 840 
cells/cm3 at the same depth of 1cm was found on day 4 of the fourth 
run during the summer (July) at 18C. A density of 588 cells/cm3 in 
the top 1cm sand on day 14 of run 2 in spring (May) with water
O
temperature of 12C. This ciliate species showed a different pattern 
in Ashford Common to that found in Hampton Works where the highest 
densities were found in spring and they ranged between 557 and 984 
cell/cm-3.
Euplotes spp (figure 4.17)
Figure 4.17 and appendix 4.4 show that this species prefers to 
live in the surface layer where its maximal densities are restricted 
to a great extent to the upper 2cm of the sand and rather few maxima 
occurred at lower depths. This hypotrich took some time to achieve 
detectable densities as for example in runs 2, 6 and 7 where its
densities during the first sampling dates of these runs are very low. 
The maximal densities of this ciliate in the various runs of filter 
bed 14 vary between 140 and 630 cells/cm3 sand, as can be seen in 
table 4.18. The highest maximal density of 630 cells/cm3 was found on 
the top 1cm sand of day 14 (run 2) in the spring (May), followed by 
588 cells/cm3 at the same layer on day 21 of run 3 in summer time 
(July) and then 280 cells/cm^ at 2cm depth on day 27 of run 8 during 
autumn (Oct.) at water temperatures of 12, 17 and 13*C respectively.
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Oxytricha falax Stein (figure 4.18)
Table 4.18 shows that the maximal densities of this ciliate vary 
between 98 and 252 cells/cm3 throughout the various runs of bed 14. 
This hypotrich occurred mostly within the upper 3cm sand where this 
layer contains more than half of its maximal density (appendix 4.4),
while the layer between 5 and 15cm depth has the rest of the
population. The highest population densities of this ciliated 
protozoan (252 cells/cm^ ) was found at 5cm depth on day 7 of run 5 
(August), followed by 168 cells/cmS at the top 1cm on day 13 of run7 
in autumn (Oct.) and then by 123 individual/cm3 at 10cm depth on day 
28 of the second run in spring (May) at 17, 16 and 15C respectively.
Stylonychiaj^ytilus Ehrenberg(figure 4.19)
This carnivorous hypotrich was one of the largest in body size of 
all the ciliates; and it was also one of the least common ciliates as 
its maximal densities ranged between 56 and 308 cells/cm3 sand in bed 
14, as shown in table 4.18. The maximal densities were found mostly 
in the upper 5cm sand, below which the species'distribution is rather 
low or even rare. The highest maximal density of 308 cells/cm^ was 
found in 1cm depth on day 28 of the second run at 15C water 
temperature during spring (May). This was followed by a density of 
235 cells/cm3 on day 7 of run 5 at the top 1cm in summer time (August) 
where the water temperature was 17C and then by 112 cells/cm3 on day 
13 of run 7 during the autumn (Sept.,) at water temperature of 16C.
Hemiophrys bivacuolata Kahl (figure 4.20)
This carnivorous gymnostomeis distributed at different depths in 
the sand core. Its highest maximal population densities are 
restricted mainly to the layer between 4 and 10cm depth, as can be
seen in figure 4.20. It was found that the highest densities of this
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ciliate ranges between 28 and 2711 cells/cm^ (see table 4.18) at 
various runs of bed 14.
Maximum densities varied from 168/cm3 at 5cm depth on day 13 of
run 8 during the autumn (Oct.) to 229/cm-3 at the uppermost 1cm sand on
day 35 of run 2 in spring (early May) to the highest maximal one
(2711/cm3) at 10cm depth on day 20 of run 4 at water temperatures of
«3
15, 15 and 19C respectively. Also, table 4.18 shows that Hemiophrys 
occurred at the high density of 1708 cells/cm3 on day 13 of run 5 at 
30cm depth. This indicates that Hemiophrys prefers to avoid the 
surface layer and goes deeper for its prey or it does not tolerate the 
conditions there.
Litonotus spp. (figure 4.21)
This carnivorous gymnostomeis different from Hemiophrys in having 
more tapering, slender and/or fusiform form and hence it can move more 
easily within the dense detrital layer. This genus includes two 
species at Ashford Common Works: Litonotus fasciola Ehrenberg and L.
lamella Ehrenberg. This protozoan prefers to inhabit mainly the 
surface 1cm and to a little extent in deeper depths and therefore its 
highest maximal populations were restricted to the uppermost layer of 
the sand. Table 4.18 shows that the maximal densities of this species 
varied between 112 and 1699 individual/cm3 at the various runs of bed 
14. The highest maximal density of 1699 cells/cm^ was found at the
o
sand surface on day 35 of run 2 at 15C water temperature during the 
spring compared with 130 cells/cm3 at Hampton Works at the surface as 
well. This was followed by 336 cells/cm^ at 1cm depth on day 14 of 
run 6 in September at 16C and then by 252/cmZ in summer time (July) at 
the top 1cm on day 11 (run 4) where the water temperature was 18C.
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Figure 4.21 and appendix 4.4 show that Litonotus spp are rather 
similar to Hemiophrys in that it is slow to achieve detectable numbers 
as, for example, in runs 2, 6 and 8. It was found that both
Hemiophrys and Litonotus are distributed throughout the whole depth of 
the sampling cores but the former species prefers to inhabit the sand 
layer between 4 and 10cm sand, while the latter prefers to inhabit the 
upper 5cm layer of the sand. This may result from the morphological 
adaptations of each as mentioned above. On the other hand, 
Stylonychia mytelius was found to be restricted to the upper 5cm sand 
and mainly at the top 1cm including the Schmutzdecke. This indicates 
that the location of the maximum densities of these carnivorous 
ciliates may be related to the availability of different types of food 
organisms such as ciliates or flagellates. It may be that each of 
these carnivores prefers a certain depth location which may be 
associated with the availability of its food.
Table 4.19 compares the highest maximal densities of seven 
ciliate genera which are common at both Ashford Common and Hampton 
Treatment Works. It shows that the population densities of each genus 
and of the total ciliates at Ashford Common were 1.3 to 3.1 times 
higher than those at Hampton. In some genera, the differences in 
maximal densities are very great. For example, Chilodonella and 
Litonotus were 21.6 and 13.1 times more dense. This may reflect the 
difference in the sand grain composition (table 3.3)and so the 
porosity. Or, it may be associated with the use of microstrainers at 
Ashford instead of the primary sand filters in Hampton. It could also 
be influenced by differing quality of water coming to the slow sand 
filter beds and its inhabiting organisms.
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Table 4.18 shows that the maximal population densities per cm- of 
the individual and total ciliates at the shaded run 7 of bed 5 lie 
within the same depth range of those belonging to the unshaded runs of 
bed 14. A comparison of the maximal densities of individual and total 
ciliates of run 7 for bed 14 with those of the shaded run 7 of bed 5 
both during September 1985 shows that the densities for bed 5 were 
generally higher than those for bed 14. The densities for Cyclidium , 
Tachysoma and Stylonychia differed in this.
The same table (4.18) shows that the maximal densities per cm- in bed
4 for individual and total ciliates of the partially-shaded run 
7(July-August) were lower than those of the partially-shaded run 
8(Aug-0ct.) during 1986. It was found possible to compare the maximal 
densities of the individual and the total ciliates at the unshaded run
5 of bed 14 during August 1985 and at the partially-shaded run 7 of 
bed 4 during July-August 1986. It appears that the maxima of the 
former run are higher than those of the latter partially-shaded run 
except that of Euplotes. On the other hand, it was too dificult to 
make a comparison between the partially-shaded run 8 of bed 4 with any 
unshaded or shaded run due to its abnormal long duration between 






The suspended particulate organic carbon in water before 
and after the microstrainer and in the bed filtrate for 
beds 14,5 and 4 in Ashford common Works. The numbers 
in brackets give percentage removal of POC. 
********************************************************* 
(1985):
Date Run Water 
no temp









1/4 1 8*C 415 335(19) 63(81) 85
9/4 554 ■ 262(53) 49(81) ' 91
15/4 393 438 92(79) 77
22/4 439 317(38) 29(91) 93
13/5 2 13 334 321(4) 44(86) 87
20/5 381 263(31) 35(87) 91
28/5 426 347(19) 34(90) 92
3/6 917 346(62) 37(89) 96
17/6 3 15 822 484(61) 37(91) 95
24/6 545 324(61) 21(94) 96
1/7 762 321(58) 39(88) 95
8/7 4 18 1162 397(66) 25(94) 98
15/7 898 1081 36(97) 96
22/7 1167 706(40) 32(95) 97
5/8 5 17.5 1391 772(45) 34(96) 98
19/8 1450 800(45) 50(94) 97
27/8 6 17 951 878(8) 29(97) 97
2/9 1506 623(59) 19(97) 99
9/9 7 16 725 428(61) 47(89) 94
16/9 595 382(36) 36(91) 99
23/9 578 400(31) 32(92) 94
2- Bed 5 (1985):
1/4 1 ~  8°C 415 335(19) 19(94) 95
14/4 393 438 24(95) 94
22/4 2 13 439 317(28) 9(97) 98
29/4 479 243(49) 29(88) 94
7/5 192 179(7) 55(69) 71
13/5 3 14 334 321(4) 55(83) 83
20/5 381 263(31) 21(92) 94
28/5 426 347(19) 55(84) 87
3/6 917 346(62) 27(92) 97
17/6 4 15 822 484(61) 14(97) 98
24/6 545 324(61) 25(92) 95
1/7 762 321(58) 12(96) 98
15/7 5(S) 18 1162 397(66) 34(91) 97
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22/7 898 1081 22(98) 98
29/7 1167 706(40) 44(94) 96
5/8 1391 772(45) 28(96) 98
19/8 6(S) 17 1450 800(45) 42(95) 97
27/8 951 878(8) 35(96) 96
2/9 1506 623(59) 41(93) 97
9/9 7(S) 16 725 428(61) 74(83) 90
16/9 595 382(36) 33(91) 94
23/9 578 400(31) 58(85) 90
30/9 383 304(21) 39(87) 90
7/10 378 322(15) 52(84) 86
3-Bed 4(1986):
23/6 6 18 338 197(42) 65(67) 81
30/6 340 310(9) 28(91) 92
8/7 384 353(8) 92(74) 76
21/7 500 341(32) 97(72) 81
28/7 7(PS) 18.5 1112 917(18) 66(93) 94
4/8 796 747(6) 25(97) 97
11/8 1177 988(16) 24(98) 98
18/8 8(PS) 16 730 420(42) 22(95) 97
1/9 834 691(17) 47(93) 94
15/9 319 308(3) 28(91) 91
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4
Table 4.2 Summary of the regression analyses of the In transformed 
carbon concentration (mg/cm?) and the depth of the sand 
(cm) at the filter beds 14,5 and 4. 
********************************************************
Equation In Y * In a + bX
where Y indicates carbon (mg/cm^) at depth X (cm)
X indicates depth (cm)
a indicates intercept (carbon at 0 cm depth) 
b indicates slope (carbon gradient)




1 *c 1 .
1
I
114 1 1 5 1 8 1 0.094 0.006 1,12 0.39 0.5431
1 1 15 1 1 0.126 -0.018 1,12 0.50 0.4941
1 1 21 1 1 0.259 -0.053 1,12 9.14 0.0111*
1 1 26 1 1 0.295 -0.063 1,12 6.37 0.0271*
1 1 33 1 1 0.6741 I
-0.067 1,12 16.50 0.0021*
1 1 2 7 1 13 1 0.093* 0.001 1,12 0.01
_________I
0.9431
1 1 12 1 1 0.126 -0.042 1,12 5.35 0.0391*
1 1 19 1 1 0.416 -0.041 1,12 4.59 0.05 1*
1 1 28 1 1 1.006 -0.067 1,12 25.01 <0.0011*
1 1
33 1 1 0.996 -0.065 1,12 31.21 <0.0011* 
___  _ 1
1 1 3
_ _ _ ___
1 1 15 1 0.083 -0.028 1,12 4.84 0.0481*
1 1 1 1
19 1 1 1.062 
1 1
-0.086 1,12 18.88 0.0011*
1 1 4 2 1 18 1 0.176 -0.042 1,12 5.82 O.O33I*
1 1 9 1 1 0.578 -0.053 1,12 10.02 0.008j*
1 11 1
16 1 1 0.605 —0.050 1,12 9.25 o.oioj*
1 1 5 5 1 17.5 1 0.491 -0.055 1,12 8.82
______ 1
0.0121*
1 1 13 1 1 0.795 -0.059 1,12 34.08 <0.0011*
1 1 19 1 1 0.894 -0.068 1,12 17.26 0.0011*
1 1 - - -





1 1 7 1 1 16 1 0.037 0.008 1,12 0.40
_________I
0.5371
1 ! ... 13 1 1 0.386 1 -0.068 1,12 23.92 <0.0011*
1 1 B 1 1 14.5 1 0.093 -0.028 1,12 1.90
______ 1
0.1941
1 1 13 1 1 0.470 -0.069 1,12 33.71 <0.0011*
1 1 22 1 1 0.275 -0.004 1,12 0.07 O .8OOI
1 1 27 1 1 0.987 -0.086 1,12 ,17.05 0.0011*
======= 1
1 5 |7 S 5 1 16 1 0.280 —0.05 1,12 18.09 0.0011*
1 1 17 1 1 0.45 -0.06 1,12 18.41 0.0011*
31 1 1 0.65 -0.07 1,12 13.16 0.0031*
1 4 |7 PS 4 1 18.5 1 0.72 -0.03 1,6 42.64
======= 1
0.0011*
1 1 11 1 1 0.76 -0.06 1,6 11.18 0.02 1*
1 i - -
18 1 1 1.13 -0.06 1,6 21.18 0.0041*
1 |8 PS 3 1 16 1 0.08 -0.02 1,6 1.521
_________j
0.2641
1 1 12 1 1 0.85 -0.08 1,6 14.141 0.009I*
1 1 20 1 1 2.80 -0:13 1,6 25.611 0.0021*
1 1 24 1 1 1.89 -0.09 1,6 13.031 0.0111*
1 1 31 1 1 1.96 '-0.10 1 1,6 24.851 0.0021* .
1 1 38 1 1 4.06 -0.13 1 1,6 47.581 <0.001I*
1 1 45 1 1 2.34 -0.12 1 1,6 40.881 0.001I*
1 1 52 1 1 2.97 -0.12 1 1,6 39.351 0.001I*
* indicates significant relationship
========
.
S indicates the shaded run 7 of bed 5.
PS indicates the partially-shaded runs 7 and 8 of bed 4.
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Table 4.4 The mean of areal abundance of the organic matter (mg/cm^) 
and chlorophyll (pg/cm^) at the top 10 and lower 20 cm of 








































































































































































































































































































S indicates the shaded run of bed 5.
PS indicates the partially-shaded runs of bed 4.
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Table 4.5 Summary of the regression analysis between the mean areal 
abundance of carbon and the duration of runs belonging to 
beds 14, 5 and 4 at the top 10 and lower 20 cm sand of the 
sampling cores. 
**********************************************************
Equation: In Y = In a + bX 
Y indicates mg POC 
a indicates intercept







Particulate organic carbon at
top 10 cm
11
a b |df 1 
1
F P a b |df 1 F P
1 1 0.06 0.06|1,3| 63.1 0.004 0.08 0.0211,31 1.8 0.27
2 I 0.04 0.09|1,3| 37.5 0.01 0.06 0.05|1,3| 6.0 0.09
4 1 1.04 0.0911.11 3.2 0.33 0.07 0.0811.11 5.5 0.26
5 1 3.03 0.0411,11157.0 0.05 0.17 0.02|1,1| 0.5 0.60
8 J 1
0.04 0.09|1,2| 2.5 0.25 0.06 0.04|1,2| 6.1 0.13
7 1 1.07
= = = = = 1= = = 1 
0.03|1,1| 47.3 0.09 0.15
= = = = = 1= = = 1 
0.01|1,1| 1.0 0.50
7 1 5.09 0.01|1,1| 0.46 0.62 0.33 0.01|1,1| 10.7 0.19
8 1 2.01 0.0511,61 5.761 0.05 1 0.081 0.03|1,6| 15.11 0.01 
= = = = = = = = = = =
lower 20 cm
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Table 4.6 The concentration of chlorophyll-a in the water before
and after microstrainer treatment and in the filtrate for 
beds 14,5 and 4 in Ashford Common Works. The numbers in 
brackets give percentage removal of chlorophyll-a. 
**********************************************************

















2 13 t 2.5 2.2(12) 0.39(82) 84 ^
20/5 1.1 0.8(27) 0.32(60) 71
28/5 0.5* 0.5(0) 0.03(94) 94
3/6 2.4 2.2(8) 0.03(99) 99
17/6 3, 15 1.6 1.1(31) 0.05(95) 97
24/6 6.3 4.1(35) 0.05(99) 99
1/7 0.8 1.6 0.05(97) 94
8/7 4 18 4.2 3.6(14) 0.07(98) 98
15/7 5.1 2.4(53) 0.10(96) 98
22/7 11.5 5.4(53) 0.04(99) 99.7
5/8 5 17.5 18.3 10.3(44) 0.14(99) 99
12/8 9.7 7.0(22) 0.07(99) 99
19/8 42.0 17.6(58) 0.09(99) 99
27/8 6 17 16.1 10.3(36) 0.14(99) 99
2/9 18.7 9.9(47) 0.57(94) 97
9/9 7 16 11.4 8.4(26) 0.13(98) 99
16/9 5.5 3.3(40) 0.13(98) 99
23/9 4.0 1.0(75) 0.21(79) 95
2- Bed 5 (1985):
28/5 3 14 t 0.5 0.5(0) 0.17(66) 66
3/6 2.4 2.2(8) 0.18(92) 92
17/6 4 15 1.6 1.1(31) 0.04(96) 97
24/6 6.3 4.1(35) 0.10(98) 92
1/7 0.8 1.6 0.08(95) 99.9
15/7 5(S) 18 5.1 2.4(53) 0.37(85) 93
22/7 11.5 5.4(53) 0.24(96) 98
5/8 18.3 10.3(44) 0.78(92) 96
19/8 6(S) 17 42.0 17.6(58) 0.06(99.6) 99.9
27/8 16.1 10.3(36) 1.02(90) 94
9/9 7(S) 16 11.4 8.4(26) 0.39(95) 97
16/9 5.5- 3.3(40) 0.45(86) 92
23/9 4.0 1.0(75) 0.11(89) 97
30/9 3.3 2.3(30) 0.58(75) 82
7/10 3.7 2.5(32) 0.59(76) 84
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3-Bed 4 (1986):
9/6 5 12 "C 3.3 3.0(9) 0.03(99) 99
23/6 6 18 2.3 2.1(9) 1.27(40) 45
30/6 1.6 1.5(6) 0.09(94) 94
8/7 4.9 3.2(35) 0.05(98) 99
21/7 7.4 5.4(27) 0.04(99) 99
28/7 7(PS) 18.5 •20.6 16.0(22) 0.04(99.8) 99.8
4/8 26.8 17.0(27) 0.03(99.9) 99.9
11/8 33.3 18.6(44) 0.03(99.9) 99.9
18/8 8(PS) 16 15.8 7.7(51) 0.02(99.8) 99.8
1/9 22.6 13.8(39) 0.04(99.8) 99.8
15/9 4.9 2.2(55) 0.13(99.4) 97
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
2 1 8
Table 4.7 Summary of the regression analyses of In transformed 
chlorophyll concenteration (ug/cm*) and the depth of 
the sand at the filter beds 14,5 and 4. 
*****************************************************
Equation: In Y * In a + bX ,
where Y indicates chlorophyll (ug/cm) at depth X (cm)
X indicates depth (cm) ^
a indicates intercept (chlorophyll at 0 cm depth)
b indicates slope (chlorophyll gradient)
Bed Run Run age Water a b df F P
no. no. (days) temperature
14 1 5 8*C 0.18 -0.058 1 12 7.03 0.021 *
15 2.04 -0.132 1 12 24.90 <0.001 *
21 4.48 -0.090 1 12 32.35 <0.001 *
26 6.30 -0.119 1 12 22.86 <0.001 *
33 14.01 -0.120 1 12 58.66 <0.001 *
2 7 13 0.52 -0.030 1 12 2.64 0.130
12 1.48 -0.089 1 12 12.39 0.004 *
19 2.75 -0.061 1 12 5.15 0.042 *
28 4.10 -0.089 1 12 25.06 <0.001 *
33 3.22 -0.103 1 12 25.08 <0.001 *
3 1 15 0.37 —0.020 1 12 1.07 0.320
19 11.94 -0.126 1 12 124.27 <0.001 *
4 2 18 0.89 -0.063 1 12 27.45 <0.001 *
9 6.17 -0.111 1 12 40.41 <0.001 *
11 2.75 -0.805 1 12 7.05 0.021 *
5 5 17.5 7.17 -0.095 1 12 24.02 <0.001 *
13 7.46 -0.104 1 12 29.56 <0.001 *
19 10.70 -0.121 1 12 24.16 <0.001 *
6 2 17 3.10 -0.109 1 12 62.92 <0.001 *
7 1 16 0.27 -0.033 1 12 26.30 <0.001 *
13 7.03 -0.077 1 12 14.78 0.002 *
8 1 14.5 0.29 -0.005 1 12 0.04 0.847
13 0.33 -0.126 1 12 46.58 <0.001 *
22 1.63 -0.032 1 12 1.24 0.288
27 23.57 -0.161 1 12 39.74 <0.001 *
=  : =======
5 7 S 5 16 1.24 -0.040 1 12 20.28 <0.001 *
17 1.20 -0.13 1 12 104.26 <0.001 *
31 5.05 -0.12 1 12 37.64 <0.001 *
=========== =
4 7 PS 4 18.5 5.58 -0.08 1 6 17.67 0.006 *
11 23.10 -0.13 1 6 33.66 0.001 *
18 26.58 -0.13 1 6 100.48 <0.001 *
8 PS 3 16 0.38 —0 * 05 1 6 3.48 0.112
12 17.99 -0.14 1 6 371.19 <0.001 *
20 57.97 -0.20 1 6 106.37 <0.001 *
24 47.94 -0.17 1 6 35.04 0.001 *
31 44.26 -0.18 1 6 109.12 <0.001 *
38 34.47 -0.17 1 6 125.91 <0.001 *
45 25.28 -0.19 1 6 66.22 <0.001 *
52 31.19 -0.20 1 6 40.78 0.001 *
============================:====s .====== = =
S indicates shaded runs PS indicates partially-shaded runs.
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Table 4.9 Summary of the regression analysis between mean areal 
abundance of chlorophyll and duration of runs in beds 
14, 5 and 4 at top 10 and lower 20 cm sand. 
*****************************************************
Equation: In Y » In a +bX
where Y indicates ug chlorophyll/cm^/cm «i
X indicates duration (days)
a indicates the intercept b indicates the slope
|Bed
1









a b Ï df 1 F1






O.lAI 1,3| 41.8 0.01 0.6 0.131 1,31 23.9 0.021
1 2 4.9 0.061 1,31 5.1 0.11 5.9 0.021 1,31 1.3 0.34|
1 4 7.3 0.101 1,11 1.2 0.48 5.8 0.051 1,1| 0.7 0.571
1 5 40.9 0.241 *1,11 1.3 0.47 25.3 -0.021 1,11 1.6 0.421
1 8 3.1 0.121 1,21 2.9 0.23 10.1 0.021 1,21 2.4 0.261
====1 ===== ===== =  =  =  =  =  1
1 5 7 9.6 0.041 1,11 1.7 0.42 11.8 0.011 1,11 1.8 0.411
= = = = = 1
1 4 7 28.5 0.091 1,11 5.0 0.27 11.4 0.081 1,11 6.4 0.241
1 8 21.8 0.051 1,6| 2.1 0.20 11.3 0.011 1,61 0.1 0.741
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Table 4.10 The daily instantaneous rates of POC and chlorophyll 
at the top 10 and bottom 20 cms sand of the cores in 
the filter beds 14, 5 and 4. 
****************************************************
Values in brackets are the time periods as run age in days, for 
which the instantaneous rates could be calculated.
|Bed
1
Run Instantaneous rate of 
organic carbon/d at



























































































































Table 4.11 Summary of the regression analysis for the relationship 
between the bacterial densities and various depths of 
the sand sampling cores at different runs belonging to 
the filter beds 14, 5 and 4. 
********************************************************
Equation In Y = In a + b X
Where Y indicates bacterial densities at X cm depth.
X indicates the depth in cm.
a indicates the bacterial densities at 0 cm depth.



















































































































































































































































S indicates the shaded run of bed 5.
PS indicates the partially-shaded runs of bed 4.
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Table 4.12 Mean of the areal abundance of the bacterial 
population densities (lO’/cm^) at the top 10 
and lower 20 cm sand of the sampling cores 









Areal bacterial densities at |













































































































































































S indicates shaded run of bed 5.
PS indicates partially-shaded runs of bed 4.
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Table 4.13 The daily instantaneous rates of bacteria at 
the top 10 and lower 20 cm sand of the sampling 
cores at different runs of the filtration beds 









rate of bacteria/d at 

















































































N.B The period during which these rates were calculated
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Table 4.14 Summary of the significant relationships between
population density of total ciliates and sand depths of 
the sampling cores belonging to filter beds 14, 5 and 4. 
********************************************************
Equation is In Y = Ina - bX
where Y indicates ciliate population density /cm*
X indicates sand depth in cm 
a indicates .the intercept 











3 21 3.49 —0 • 03 1,6 21.23 0.004 1
1
1 5 7 6.30 -0.074 1,8 104.20 <0.001 1
1
11
6 15 3.39 -0.049 1,3 191.00 0.001 1
1
11




























































S indicates shaded run.
PS indicates partially-shaded run
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Table 4.15 Mesms of the Areal abundance of the ciliate population 
densities (10^/cm*) at the top 10 and lover 20 cm sand 








Mean areal ciliate densities at|






















































































































































S indicates shaded run
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Table 4.16 The daily instantaneous rates of ciliates at top 10 
and lower 20cm sand of the sampling cores at various 
runs of the filter beds 14, 5 and 4. 
****************************************************
Bed Run Month Instantaneous rates of ciliates/ d at
no no Top 10 cm 1 Lower 20 cm
14 2 May . 0.22 1 0.18
(13*0 (7-14) 1 
____________ ____i
(7-14)
3 June 0.06 1 0.06




(18 "O (5-20) 1 
__________________________
(5-20)
5 August -0.16 1 -0.02








(16 "O (1-13) 1 (1-13)
8 October
___  _______ _____ ___ __
0.04 1 -0.02
(14.5*0 (1-13) 1 (1-13)
=================== 1 =
5 7S September 0.07 1 0.05
(16*0 (5-17) 1 (5-17)
4 7PS August
SSSSSSSSSSSESSSSSSSSSS 1 s 
-0.01 1 -0.04
(18.5*0 (6-18) 1 (6-18)
8PS Aug-Sept 0.09 1 0.07
1 (16"C) 1 (3-20) 1 (3-20)
N.B the period during which these rates were calculated
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Table 4.17 Summary of the relationship between the daily
instantaneous rates at top 10 and lower 20 cm sand against 
the average water temperature of filteration runs 2, 3 and 
4 (Bed 14), 1985. 
**********************************************************
Equation is Y = a - bX 
where Y indicates instantaneous rate.
X indicates water temperature C.
a indicates intercept.
b indicates slope (temperature coefficient).
jDepth 
I Top 10 cm
I
I Lower 20 cm
1 a b df F 1 
1
P 1
1 0.902 -0.054 1,2 3.85 1 0.19 1
1 0.628 -0.036 1,2 14.36 1 0.05 1
Table 4.18 The maximum densities (no/cm^) of the common ciliate 
species recorded at various runs of the filter beds 
14, 5 and 4.
*******************************************************
1 Ciliate densities (no/cm^) |
(Bed number --------- —  14(US) 5(S) — 4(PS)—  1
I Run number 2 3 4 5 6 7 8 7 7 8 1
iBacterivorous ciliates:
1 = = =: = =: = = = = = = = = = = = = = = = = = = 
ICinetochilum 280 644 
jcyclidium 462 308 


























1 =s=sss = = =:s = r;sssEK8BSSs
jChilodonella 5530 2107 
1 Omnivorous ciliates:
1960 5606 1120 2884 3780 3621 1005 8904 1
1==================3=
|Oxytricha 123 98 
|Tachysoma 588 56 


























jStylonychia 308 56 


























iTotal ciliate 6664 4116 5243 8781 3276 4088 7112 4900 2060 100241
US indicates unshaded runs of bed 14.
S indicates shaded run 7 of bed 5.
PS indicates partiall-shaded runs of bed 4,
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Table 4.19 The highest maximal population densities(no/cm*) 













1 -  -  -
Çommon j 
___  ___ 1
1
_____ 1 _________ 1
1
1Cinetochilum

















5606(summer)| 260 (spring)1 21.6 1













8781(summer)| 4222(spring)j 2.1 1
A/H ratio indicates the ratio between the highest densities 
of each species at Ashford (A) and Hampton (H).
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Fiâure 4.2 (cont,) The time course of the depth distribution of sand 
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Figure 4 * 4 The time course of the areal abundance of the organic
carbon at the top 10 and lower 20cm sand of the sampling
cores belonging to bed 14 *
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Fiâurf? 4*7 The relationship between the significant slopes
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filter bed 14 at various runs» spring and sumirier times.
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Figure 4,10 Depth distribution of total ciliates (lO^/cm^) at various 
runs of the filter beds 14r 5 and 4,
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Figure 4,10 (cont.)
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Figure 4,11 Areal densities of total ciliates at upper 10 and lower 
20cm sand at different runs of the filter beds 14 and 5 
1985 and of filter bed 4 in 1986,
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Figure 4,11a Influence of temperature on instantaneous rates of
increase of ciliates from top 10cm and 20cm sand in beds
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Fiaure 4,13 Depth distribution of Cyclidium in 
various runs of bed 14r 1985. the sampling cores at
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Fiaure 4.14 Depth distribution of Vorticella in the samelina cores at 
various runs of bed 14, 1985,
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Fiaure 4.15 Depth distribution of Chilodonella in the sampling core, 
at various runs of bed 14, 1985.
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Fiaure 4.17 DePth distribution of Euplotes in 
various runs of bed 14, 1985.
the samplina cores at
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Figure 4,18 Depth distribution of Oxytricha in the sampling cores at 
various runs of bed 14, 1985,
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Figure 4,19 Depth distribution of Stylon^chia in the sampling cores at 
various runs of bed 14» 1985.
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5.1 Maximal bacterial populations in the sand
As mentioned earlier in chapter 4, the highest bacterial 
densities (per cm-3) of the unshaded runs of bed 14 in 1985 were found 
mostly in the top 1cm sand depth but occasionally lower between 2 and 
5cm depth whilst those of the shaded bed 5 in 1985 and the 
partially-shaded bed 4 in 1986 were restricted to the uppermost 1cm 
sand layer as can be seen in appendix 4.3 and table 5.1. The same 
table (5.1) shows that the maximal bacterial densities varied between
a
0.189 and 3.02 10 /cm2 sand during the spring runs 1 in April and 2 in 
May of bed 14. The maximal bacterial densities of the summer runs 3
Q
in June and 4 in July ranged from 1.55 to 5.62 10 /cm3, that is a 
little higher. In the August run 5, the range was much greater, from
1.02 to 41.59 10*/cm3 and similar large rTanges in maximal densities 
continued into the autumnal runs 6, 7 and 8 during September and
October (3.83- and 11.79 10 /cm^). The variation in depth of these
cited maximal densities can be seen in table 5.1. In contrast to this 
situation in bed 14, the shaded runs 6 (August) and 7 (September) of 
bed 5 and the partially-shaded runs 7 (August) and 8 (September) of 
bed 4 showed lower maximal densities during these months. For bed 5,
q
the densities ranged from 3.40 to 6.94 10 /cm^ and for bed 4 from 0.22
q
to 1.92 10 /cm3. This indicates that the highest bacterial densities 
occurred during the period August to October were in the unshaded bed 
14, the next highest were were found in the shaded runs of bed 5 and 
the least highest in the partially-shaded runs of bed 4, both sampled
at a similar period in the year, this finding agrees well with the
er ,
density levels in the top wa^bacteria of each filter bed. These were ^
higher in bed 14 than in bed 5, and lowest in bed 4, as can be seen in
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table 5.3.
It was found that the sand bacterial densities at various sand 
depths on day 13 of run 5 in bed 14 during were higher in August than 
on any other sampling date. This is propably due to the high 
bacterial densities recorded in the input water at this time. Table 
5.3 shows water bacterial densities of 56.54 on day 5 and 62.60 10-^ /ml 
on day 13 in run 5. There were high bacterial densities in the 
effluent water also.
The areal densities of the bacterial populations throughout the
whole 30 cm depth of the sampling cores or in the top 10cm and lower
20cm sand layers were described in detail in chapters 3 and 4. Table
5.2 gives the areal densities of the bacterial populations that
occurred in each run of filter beds 14,5 and 4. It shows that in bed
14 the maximal depth-integrated bacterial densities could be divided
into two time phases, separated by the unusually high density of 
q
500.51 10 /cm^ recorded for run 5 during August 1985 as follows:
The first phase,included the first four runs and lasted from April to 
July 1985. Its characteristic level of areal bacterial densities was 
less than 50 10^/cm^ and remained more or less uniform during all the 
filtration runs of this period.
The second phase included runs 6,7 and 8, extended from September to 
October of the same year and its areal densities ranged from 121.26 to
167.06 lO^/cmZ.
This indicates a three times greater bacterial activity during the 
autumnal months compared with the spring and early summer months.
Figure 5.1 illustrates the relationship between these maximal 
areal densities of the sand bacteria and their water temperatures 
during various runs of bed 14. It shows that the maximal densities 
did not show any clear dépendance on the water temperature during the
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two time phases described above. Egression analysis shows that this 
relationship is not a significant one (P> 0.05). Again, this is 
another clue indicating that in slow sand filters, the micro-organisms 
are operating independently of environmental temperature during the 
spring, summer and autumnal seasons.
It was found that the maximal depth-integrated bacterial 
densities of the shaded runs 6 and 7 of bed 5 (31.55 and 67.99 10 /cm^ 
respectively) were lower than those of bed 14 during the same period 
of Aug-Oct 1985. The densities of the partially-shaded runs 7 and 8 
of bed 4 were the lowest recorded (15.21 and 17.69 10 /cm^
respectively) at a similar period during 1986. Table 5.2 shows that 
there might be an inverse relationship between water temperature 
(15-18 *C) and the maximal bacterial densities during the shaded and 
the partially-shaded runs of beds 5 and 4 but there are only two 
points for each bed.
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5.2 Bacterial populations of the water and sand
As mentioned previously, water samples were collected from the 
top and effluent waters of each filter bed in sterilised bottles in 
order to detect their bacterial densities on different sampling 
occasions. Figure 5.2 illustrates the relationship between top and 
effluent water bacteria during sampling occasions of various runs 
belonging to the filter beds 14,5 (1985) and 4(1986). It shows always 
that the bacterial densities of the top water were higher than those 
of the effluent water in all three beds. The difference between these 
two densities represents the bacteria retained by the sand by 
attachment to the sand grain surfaces or by predation by other 
organisms plus any losses of sand bacteria by detachment. Table 5.3 
gives the densities of the top and effluent water bacteria of the 
filter beds 14, 5 and 4 and the seasonal changes of the water bacteria 
can be studied clearly in bed 14 throughout its successive eight runs. 
Table 5.3 shows that the top water bacteria of bed 14 fluctuated 
between a minimum of 5.4 10^/ml and a maximum of 15.17 10^/ml during 
the spring from March to May (runs 1 and 2). The densities vary 
between 5.55 and 62.60 10^/ml during the summer in July-August (mainly 
runs 4 and 5) and change from a minimum of 11.25 to a maximum of 43.07 
10^/ml during the autumnal months (runs 7 and 8). This indicates that 
the water bacterial densities were low during spring, and higher 
densities were recorded in the summer time. The same behaviour was 
shown for the effluent bacterial densities which ranged from 2.22 to
L a 6
7.73 10 /ml, from 4.34 to 24.12 10 /ml and from 6.96 to 17.91 10 /ml
during spring, summer and autumn respectively. The same table 5.3 
shows also that the percentage losses of water bacteria of bed 14 were 
more or less similar at the different seasons. The highest percentage 
losses were 57.5- 65.3%, 65-75% and 58-59% at spring, summer and
autumn times respectively.
259
Turning to bed 4 in 1986, table 5.3 shows that its top water 
bacterial density was much lower than those of beds 14 and 5 in 1985
L
and it ranged from 0.60 and 1.88 10 /ml compared with the range of
L
5.66 to 62.60 10 /ml found in the other two beds for the period
between July and October. This table also shows that the percentage 
loss of water bacteria was lower in bed 4; it varied between 23 and 
49% compared with 21 to 75% in bed 14 and 39 to 54% in bed 5. This 
suggests that there was a greater retention of the top water bacteria 
by the unshaded bed 14 compared with the other two beds.
Figure 5.2 illustrates that the effluent water bacterial 
densities were directly proportional to those of the top water which 
accordingly should be reflected in the percentage losses due to the 
passage of water through the bed. The latter must be related in its 
turn to the depth-integrated bacterial densities of the sand. These 
relationships could be examined quantitatively using the regression 
analysis for paired combinations of the data of table 5.3. Table 5.4 
gives a summary of the significant relationships obtained for various 
combinations of variables throughout the runs of the filter beds 14,5 
and 4. It appears that significant relationships for various 
combinations of variable could be found for both beds 14 and 4 but not 
any for bed 5. The partially-shaded runs of bed 4 were the only ones 
which showed a significant relationship between the areal bacterial 
densities of the sand and both of water temperature and the run age 
(table 5.4). In order to establish functional relationships between 
these variables, it was suggested that the areal densities of the sand 
bacteria could be predicted with the help of the above variables using 
multiple regression analysis. This model could be carried out only 
for the runs of beds 14 and 4 because there was sufficient data. The 
less effective variables could be eliminated using stepwise regression 
analysis(Sokal and Rohlf,1981 and Zar,1984) in order to achieve the
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best model for predicting the integrated sand bacteria.
Table 5.5 presents a summary of the multiple regression analysis 
for the above variables in beds 14 and 4. It indicates that no model 
could be found to predict the areal sand bacterial densities of bed 14 
and that all the combinations were not significant for that dependant 
variable. On the other hand, it was possible to obtain a significant 
model for bed 4 using W2 (P= 0.002) or using W1 (P= 0.007) or using A 
(P= 0.041), but water temperature effect was not a significant 
independant variable (P= 0.232),as can be seen in table 5.5.
According to the method of step-wise regression, the water temperature 
data were removed from the model in order to achieve a better 
prediction (P= 0.001) of the areal sand bacterial density from A, W1 
and W2. The equation can be constructed from table 5.5.
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5.3Scanning electron microscopy of bacteria on sand grain surfaces.
5.3.1] Bacteria on sand grains from different depths:
Plate 5.1 shows an electronmicrograph of a sand grain magnified 
32 times. The grain came from bed 14 at 1cm sand depth of a sampling 
core in run 4 during July 1985. The electronmicrograph shows clearly 
that the attached bacteria inhabit mainly the crevices and pits of the 
sand grain surface where they are not exposed to the direct flow of 
interstitial water. The surfaces of the sand grains exposed to the 
water flow are covered with a bacterial matrix secreted by the 
bacterial cells and which can provide a strong attachment. Plate 5.1 
shows a series of electronmicrpgraphs with magnifications of x 2000 
which photograph the surface of sand grains taken from the depths of 
1, 3, 5, 10, 20 and 30 cm in bed 14 during run 4 on July 1985.In all 
six electronmicrographs, the area of sand grain surface photographed 
was 30 um x 21 um or 630 um&. The three common bacterial forms of 
rods, cocci and fusiform are clearly seen and are countable, as 
numbers per 630 um^. The results of these counts are given in table
5.6 which shows that over 60% of the cells were cocci and less than 
40% were rods plus fusiforms on the sand grains from 1, 3 and 5 cm
depths. At 10 cm depth only a third were cocci and, at 20 and 30 cm 
depths, over 90% were cocci. The densities of both groups of 
bacterial cells decline with depth, resulting in total densities in 
the deeper sand that is only half or a third of that of the surface 
sand. At the maximal density of 213 per 630 umZ area, each 1 um^ area 
of sand grain is theoretically occupied by 0.34 of a bacterium.
5.3.2] Bacteria on sand grains after shaking for different periods:
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As the mechanical shaking of sand grains in sterilised water was 
a convenient technique for the removal of attached bacteria from the
sand for subsequent counting, it was decided to examine the efficiency
A
of this shaking technique with the aid of scaling electron microscopy.
This was a second test to supplement the informâtioij^ained from the ^  
first test, which has already been described in chapter 2 and which 
determined the number of bacteria removed after different shaking 
times. This second test determined the number of bacteri^eft on the 
sand grain surfaces after 5, 10, 15, 20 and 30 minutes of shaking.
Sand sub-samples were collected from the top 1cm of sampling 
cores taken from bed 14 at Ashford Common during run 4 on July 1985.
A few sand grains were carefuly removed using blunt forceps and before 
shaking. The sand sub-sample was then shaken with 10 ml of water for 
5,10,15,20 and 30 minutes and at the end of each shaking time, a few 
sand grains were collected with great care using sterilised blunt 
forceps. The initial 10 ml of supernatant water was decanted after 
the 5 minute shake and replaced with 10 ml of sterilised water. The 
sand grains collected at the end of each shaking interval were fixed, 
dehydrated, critical dried, covered with Gold-Palidium coat and 
examined using the SEN as described in chapter 2. The 
electronmicrographs of plate 5.2 illustrate the number and kinds of 
attached bacterial cells remaining after each shaking time interval.
There is decrease with shaking time in the number of attached bacteria 
remaining and impression that the filamentous forms, which were not 
counted, tend to be left attached. Table 5.7 shows the remaining 
number of attached bacteria at intervals between 0 and 30 minutes, and 
confirms the results obtained from the first test (table 2.7) that a 
shaking time of 30 minutes is needed to remove about 90% of the total 
bacterial population. The same table 5.7 also shows that the 
remaining number of cocci is higher than that of the rods plus
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fusiforms at the end of most of the shaking intervals except for the 5 
and 20 minutes of shaking. At the end of 30 minutes of shaking, 95% 
of the rods and fusiforms had come off, whilst only 85% of the cocci 
were removed from the sand grains.
5.3.3] Effect of bed shading:
During 1985, the performances of bed 14 and bed 5 were compared 
when run as unshaded and shaded beds, respectively. Bed 4 was studied 
in 1986 as a partially-shaded bed. The electronmicrographs in plate
5.3 show the bacteria attached on sand grains taken from the top 1 cm 
sand from each of these three filter bed^collected in August and during 
the third week of the run. It appears from plate 5.3 that bacterial 
matrix is more dense in the micrograph of the unshaded bed 14 than 
that of the partially-shaded bed 4, while that of the shaded bed 5 
shows almost no matrix. A further difference between beds shown in 
plate 5.3 is that both the unshaded bed 14 and the partially-shaded 
bed 4 have mostly cocci, some rods and fewer fusiforms attached to 
their 1 cm sand grains, whilst bed 5 has a huge density of fusiforms 
together with some prosthicate bacteria.
The abundant presence of fusiforms (and prosthecate bacteria) in the 
shaded bed 5 during August implies a greater tendency towards 
micro-anaerobic pockets than in the other two beds, also sampled in 
August. The reduced 'slime' matrix in bed 5 may be associated with 
unfavourable conditions for aerobic bacteria which are the main agents 
to secrete this material of "acidic polysaccharide".
5.3.4] The sizes of bacteria
It was possible to measure various dimensions of the bacterial 
cells appearing in the electronmicrographs, using a manual hard ruler 
and the scale recordered at the top of each micrograph. The
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electronmicrograph used came from (bed 14, run 4 on 25th of July). 
The rods and fusiforms were measured as length and width and the cocci 
as diameters. Table 5.8 gives the measurements for twenty cells of 
each bacterial type.
From these dimensions, it was possible to calculate the volume of 
individual cells of each type and so the mean volume for the twenty 
individuals. The most appropriate geometric shape was used for this 
calculation which were as follows:
For cocci, the volume of a sphere = 4/3 TT r^ (1)
For rods, the volume of a cylinder =71 r<^ L (2)
For fusiforms, the volume of 2 cones = 1/3 TT r^ -L (3)
where L is length in jam, r is radius in^m and TT is the
constant pi and equals 22/7.
Table 5.8 shows that the mean volume of a rod bacterium was 0.19 jim^ ±
0.14, the mean volume of a fusiform bacterium was 0.08 pm^ + 0.05 and
I
the mean volume of a cocci was 0.34 um^ +0.19.
r ’
As the bacterial cells counted by black membrane epifluorescence 
could not be distinguished into rods, cocci or fusiforms, an attempt 
was made to use the above information in order to calculate a mean 
cell volume for the bacterial populations of the filter beds for 
subsequent use in estimation of their population biomasses. Taking 
into account that cocci (0.34 um3) formed 66% of the bacteria on sand 
grains and rods plus fusiforms 
[(0.19 + 0.08)/2= 0.14 jumi]
about 34%, a mean cell volume of 0.272 yum3 could be calculated.
Following the assumptions of Duncan (1988) that the specific 
gravity of bacterial cells was 1.06 (Zviaginzev and^ogachevsky, 
1973), that the dry weight to wet weight ratio was 0.2 and that the 
carbon weight was 0.5 of dry weight, a final factor of 0.029 pg C per
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cell could be used to convert bacterial densities to carbon biomasses 
per cm3 of sand. This conversion factor was used in chapter 7 in 
order to compare bacterial biomasses with those of the ciliates and 
algae and to compare the living biomasses as a proportion of the 
non-living particulate organic carbon within the filter beds.
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Table 5.1 Maximal bacterial densities (lO^/cm^ sand) at different 
depths of various runs at filter beds 14, 5 and 4 at 
Ashford Common Work. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
[Bed |Run no. Run age Maximal bacterial populations Depth 1
|No I - month 
1 _ 1 _
(days) (10*/cmS sand) (cm) I
1 1 
1 14 1 1 15 0.511 0-1 1
1 1 April 21 0.286 3-4 1
1 1 26 0.189 3-4 1
1 1 
1 1
33 3.020 0-1 1
1 1 
1 1 2 7 0.577 0-1 1
1 1 May 12 1.850 1-2 1
1 1 19 0.507 1-2 1
1 1 
1 1
33 1.369 1-2 1
1 1 
1 1 3 1 2.176 0-1 1
1 1 June 5 1.746 0-1 1
1 11 1
19 5.624 0-1 1
1 1 
1 1 4 2 1.554 0-1 1
1 1 July 9 3.626 0-1 1
1 1 
1 1 -
16 3.789 0-1 1
1 1 
1 1 5 2 1.020 2-3 1
1 1 Aug. 5 4.260 0-1 1
1 1 13 41.590 0-1 1
1 1 
1 1
19 7.340 1-2 1
1 1 
1 1 6 2 2.120 0-1 1
1 |Aug-Sept 
1 1 -
13 10.510 0-1 1
1 1 
1 1 7 1 6.45 4-5 1
1 1 Sept. 
1 1 _
13 3.85 0-1 1
1 1 
1 1 8 1 4.973 0-1 1
1 1 Oct. 13 11.796 0-1 1
1 1 22 3.952 0-1 1
1 5 1 6(S) 1 1.870 * 4-5 1
1 1 Aug. 
1
15 5.540 0-1 1
1 1 7(S) 5 3.400 0-1 1
1 1 Sept. 17 4.270 0-1 1
1 1 31 6.940 0-1 1
1 4 |7(PS) 4 0.811 0-1 1
1 1 Aug. 11 1.900 0-1 1
1 1 18 0.971 0-1 1
-
1 |B(PS) 3 0.228 0-1 J
1 1 Sept. 12 0.770 0-1 1
1 1 20 1.521 0-1 1
1 1 24 0.928 0-1 1
1 1 31 1.928 0-1 1
1 1 38 1.066 0-1 1
1 1 45 1.678 0-1 1
1 1 52 1.757 0-1 1
N.B * The upper 4cm sand were lost during sampling, 
S indicates the shaded runs of bed 5(1985).
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Table 5.2 Maximal areal densities of sand bacteria at various runs 
of filter beds 14, 5(1985) and 4(1986), the run ages and 
the average water temperature. 
**************** ******************* *********************
— — — — — —  1
|Bed Run Date Run age Maximal bacterial density Water |
|No 1______ No (days) (10^/an) temp *Cj
|14 1 22/4 33 47.-285 10 1
1 2 13/5 12 28.002 9.5 1
1 3 1/7 19 45.158 15 1
1 4 15/7 9 45.664 18 1
1 5 13/8 13 500.514 18 1
1 6 2/9 13 167.062 16.5 1
1 7 6/9 1 121.257 16 1
1 8 14/10 13 144.064 15 1
1 5 6 28/8 15 31.552
______________
17 1
1 7 7/10 31 67.987 15 1
1
1 4 7 4/8 11 15.208
_
18 1
1 8 15/9 31 17.689 15.5 1
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Table 5.3 Bacterial densities of vater(10*/ml) and sand (10^/cm^) 
for beds 14, 5 and 4 at Ashford Common Wor&. 




Run Run age Water bacteria R.B and its Areal sand Water
temperature
No (days) Top 1 Eff. percentage bacteria "C
2 7 15.17 1 7.73 7.44 (49) 11.50 11
12 11.10 1 6.22 4.88 (44) 28.00 9.5
19 6.40 1 2.22 4.18 (65) 6.80 12
33 8.70 1 3.70 5.00 (57) 12.10 15
3 1 12.73 1 5.87 6.86 (54) 44.70 14
5 10.06 1 4.91 5.15 (51) 34.50 15
19 57.72 1 14.62 43.10 (75) 45.20 15
4 2 6.81 1 4.34 1.47 (36) 38.90 18
9 8.58 1 5.92 2.66 (31) 45.70 18
16 5.66 1 4.44 1.22 (21) 41.40 18
5 2 5.55 1 3.92 1.63 (29) 19.70 18
5 56.54 1 24.12 32.42 (57) 36.90 17
13 62.60 1 22.35 40.25 (64) 500.50 18
19 10.06 1 6.96 4.90 (31) 105.30 17
6 2 14.21 1 6.05 8.16 (57) 49.70 17
12 19.74 1 6.94 12.80 (65) 167.10 16.5
7 1 22.64 1 12.73 9.91 (44) 121.30 16
13 20.28 1 9.77 10.51 (52) 52.50 16
8 1 11.25 1 8.44 2.81 (25) 40.60 16
13 43.07 1 17.91 25.16 (58) 144.10 15
22 17.02 1 6.96 10.06 (59) 41.60 14
7S 5 23.18 1 14.07 9.11 (39) 62.20 16
17 19.95 1 10.12 9.83 (49) 49.00 16
31 29.73 I 13.74 15.99 (54) 68.00 15
1 =  =  =  =  =  =  =
7PS 4 1.10 1 0.81 0.29 (26) 11.70 19
11 1.88 1 1.01 0.87 (46) 15.20 18
18 1.61 1 0.98 0.63 (49) 9.90 18
8PS 3 1.29 1 0.98 0.31 (24) 1.80 17.5
12 1.75 1 1.60 0.69 (39) 7.50 17
20 0.90 1 0.65 0.25 (28) 16.60 16.5
24 —  — 1 —  — —  — 14.20 16
31 1.82 1 1.08 0.75 (41) 13.00 15.5
38 0.61 1 0.42 0,19 (31) 23.60 14.5
45 1.02 1 0.74 0.28 (27) 16.10 14.5
52 1.05 1 0.76 0.29 (28) 19.10 14.5
_  ^  ^  ^  _  tmm —
R.B indicates the percentage loss of water bacteria calculated as 
the difference between the densities of the top and effluent 
water as percentage of the top water density.
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
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Table 5.4 Summary of the significant combinations for water and 
sand bacteria together with the run age and water 
temperatures for filter beds 14 and 4*. 
*****************************************************
|Bed| Combined 1 a 1 b df 1 F P 1
1 no. 1 
1 1
variables 1 1
|14 1 W2 Vs W1 1 2.48 1 0.315 1,19| 143.06 <0.0011
1 1 R Vs W1 1- 2.43 1 0.685 1,19 i686.56 <0.001|
1 1 D Vs W1 1 6.30 1 3.420 1,19| 9.82 0.0051
1 1 R Vs V2 1- 4.57 1 1.810 1,19| 60.29 <0.0011
1 1 D Vs V2 1-15.00 1 10.200 1,191 9.86 0.0051
1 1 1 1
D Vs R 1 21.20 1 4.750 1,191 8.80 0.0081
|4PS| V2 Vs W1
______ __
1 0.26 1 0.455 1,8 1 60.41 <0.0011
1 1 R Vs VI 1- 0.26 1 0.545 1,8 1 86.74 <0.0011
1 1 R Vs V2 1- 0.35 1 0.941 1,8 1 14.20 0.0051
1 1 D Vs W2 1 32.00 1 -21.800 1,8 1 10.34 0.0121
1 1 D Vs T 1 51.80 1 - 2.330 1,8 1 5.24 0.0511
1 1 D Vs A 1 ■ 7.41 1 0.26 1,8 1 8.69 0.0181
* Bed 5 has no significant relationships in any combinat
of variables.
A indicates run age.
W1 indicates top water.
V2 indicates effluent water.
R indicates sand retained bacteria from the passage of water 
through the sand.
D indicates areal sand bacterial density.
T indicates water temperature.
Table 5.5 Summary of the multiple effect of the water and 
retained bacteria, run ages and water temperatu: 
areal sand bacteria using multiple regression ai 
***********************************************:





coefficient deviation j 1 1 





152.600 1 -1.15 1 0.2691
1 A  1 0.580 2.999 1 0.19 1 0.8491
1 V I  1 -17.170 49.540 1 -0.35 1 0.7341
1 W2 1 22.730 48.360 1 0.47 1 0.6451











intercept | 6.800 17.890 1 0.38 1 0.7181
1 A 0.252 0.092 1 2.73 1 0.0411
1 V I  I 18.133 .4-109 1 4.41 1 0.0071
1 W2 1 -52.376 8.799 1 -5.95 1 0.0021
11
T 1 1.307 0.962 1 
1
1.36 1 0.2321
1 4# intercept j 30.605 4.063 1 7.53
_ I______I
1 O.OOOj
1 A  I 0.139 0.043 1 3.21 1 0.0181
1 V I  I 18.760 4.361 1 4.30 1 0.005]
1 W2 1 -52.803 9.394 1 -5.62 I 0.001]
# indicates that df= 3,6 F= 28.44 P= 0.001
R-= 93.4% R-(adg)= 90.1%
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Table 5.6 Bacterial densities per fixed area at different 
depths using the electronmicrographs of SEN. 




Rods & Fusiform 
Bacteria
Cocci Total/ Area*| 
1
___ ________
I 1 76 137 213 1
1 3 56 75 131 I
1 5 39 64 103 1
1 10 36 16 52 1
1 20 4 103 107 1
1 30 4 66 70 1
* The area of each electronmicrograph in this 
section is 630^ m ^ .
Table 5.7 Efficiency of shaking time on the removal of bacteria 
from sand grains using SEM. 
* * * * ************ ******************* ******************
Shaking | 
time(min)j




0 1 76 137 213 0.34
5 1 87 40 127 0.20
10 1 12 76 88 0.14
15 1 14 52 66 0.10
20 1 22 10 32 0.05
30 1 8 16 24 0.04
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Table 5.8 Dimensions of the various shapes of bacteria 
(jum) at the Slow sand filter beds at Ashford 
Common Work. 
********************************************
Rods Fusiform Cocci 1 
1
Length Width Length Width
1
Diameter]
1.16 0.30 2.95 0.31 1.00 ]
1.31 0.32 2.37 0.30 1.20 ]
1.24 0.38 2.54 0.30 1.10 1
1.47 0.40 2.60 0.30 1.05 ]
1.73 0.49 3.41 0.32 0.70 ]
1.61 0.38 3.18 0.30 0.82 1
1.18 0.39 3.19 0.30 0.24 ]
1.84 0.50 2.99 0.31 0.94 1
1.92 0.50 3.56 0.35 1.21 ]
1.90 0.50 3.19 0.35 1.18 1
1.25 0.29 2.84 0.32 1.09 1
1.64 0.41 2.91 0.30 0.94 1
1.53 0.37 3.09 0.30 0.83 ]
1.83 0.45 2.31 0.30 0.77 1
1.17 0.29 2.91 0.30 1.10 ]
1.51 0.40 3.00 0.31 1.20 ]
1.15 0.27 3.56 0.34 0.93 ]
1.29 0.31 2.57 0.33 0.87 ]
1.94 0.50 2.81 0.32 0.35 ]
1.97 0.49 3.51 0.35 0.73 ]
|mean volume 0. 19 0 .08 0.34 ]
1 1____  1
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Plate 5.1 Enlarged sand grain and the bacterial densities at  





Plate 5.2 E ffic iency of the shaking technique on the 
removal o f the bacteria from sand grains ' 
shaken fo r  d i f fe re n t  periods. The sand grains 
came from the top 1 cm sand of bed 14.
Note the scale in microns
1
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Plate 5.3 E ffect o f shading on the bacterial cover of sand grains 
from the top 1 cm sand of various f i l t e r  beds.
(a) the unshaded bed 14
(b) the shaded bed 5
(c) the p a r t ia l ly  shaded bed 4 





THE POPULATIONS OF CIlIQPHORA
6.1 Taxonomy and identification of the commoner ciliates 
in the slow sand filters
The identification of the ciliates in the ecological studies is 
based upon their shape, size and the arrangement of cilia which form
a .  re .
either simple or compound structures that^used as locomotory and/or
feeding organelles. These criteria are best determined in the living 
organisms as the roughly fixed or the quickly preserved specimens can 
not be identified perfectly and the idea was to identify these 
micro-organisms in the sand. It was found helpful to slow down the 
rapid movements of many of these ciliates by adding a drop of methyl 
cellulose solution (10 gm methyl cellulose in 90 ml of hot water) to 
the ciliate preparation inside the basal part of the sedimentation 
chamber.
The identification of the ciliated protozoans in this study was 
made on live specimens mainly with the help of the taxonomic key 
described by Bick (1972) who used Kahl (1930-35) as a reference for any 
doubt or query.
The list of the commoner ciliate species or genera found in Ashford
Common Works during this study can be seen in figure 6.1 and table 
6.1. A comparison was made between the dimensions of the same species 
or genera recorded by Bick (1972) and by Goddard (1980) as can be seen 
in table 6.1b. As recommended by Laybourn-Parry (1984), the revised 
classification of the sub-Kingdom Protozoa after Levin et al. (1980) 
was used to classify the various common ciliate species. As mentioned
earlier in chapter 2, the protozoan section of the Natural History
British Museum was asked to check the author's identification of the
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ciliates found during this study. Seven preparations of live ciliates
from different sand depths were sedimented at college and then
transported inside insulated ice containers to the British Museum to
be examined by Dr C. Curds and Dr A. Warren as live specimens
without any special fixing or staining techniques. They confirmed the










plus other hypotrichs, hymnostomes^nd possible trichotaxis which they ^  
could not identify due to their continuous movements.
6.2- Cell size and biovolume of the commoner ciliates
The microscopic size of ciliates makes it difficult to determine 
their body weights directly but their body volumes can be calculated 
from the linear dimensions, making some assumptions about appropriate 
geometric shapes. This section is concerned with the variations in 
the individual cell sizes as volumes and the total biovolumes of 
various ciliate species or genera as population biomass at different 
sand depths and run ages. The linear dimensions of each species of 
commoner ciliates were measured using an inverted microscope supplied 
with a mechanical micrometer and an ocular scale calibrated against a 
mm slide. All the common ciliates were approximated to an appropriate 
geometric shape such as sphere, cone, cylinder or ellipsoid. Keeping 
in mind that the use of any preservative or fixing agents will alter 
and affect the normal shape of the ciliated protozoan cells (Bick, 
1972; Pace, 1982), measurements were made on live animals and a drop 
of 10% methyl cellulose was used to slow down the ciliates in order to 
give a good opportunity to count and measure them.
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Cell volumes of the ellipsoidal ciliates, which were 
Cinetochilum, Chilodonella, Cyclidium, Euplotes, Stylon^chia, ^  
Oxytricha and Tachysoma, were determined using the following formula;
V = 4/3 X  22/7 X  L/2 x W/2 x D/2 (1)
= 0.52 L X  W X  D
Cell volume of Litonotus was determined as two opposite equal cones
and using the formula;
V = 2 X  1/3 X  22/7 X  L/2 x V/2 x D/2 (2)
= 0.26 L X  W X  D
Cell volume of Vorticella was determined as a cone plus a cylinder.
The cone volume was calculated in (2), while the volume of the
cylinder can be calculted as follows;
V = 22/7 X L/2 X  W/2 x D/2 (3)
= 0.79 L X  W X  D
Cell volume of Hemiophrys was dtermined as a cone plus a spherical
segment. The cone volume was calculated using formula (2), while the 
volume of the spherical segment was determined using the following 
formula;
V = 1/6 X 22/7 X h (h^ + 3 a X D) (4)
= 0.52 h (h* + 3 a X  D)
- knowing that L indicates the body length
W indicates the body width
D indicates the body depth
h indicates the height of the spherical segment
a indicates the radius of the spherical segment base
- All the linear dimensions are in um and the volumes injum-^ .
D was determined for some ciliates while they were rotating by
accident and it was dodgy estimated to be 30 to 50% of the width of
the ciliate.
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It is necessary to mention that the approximation of the ciliates 
to the appropriate geometric shapes, the volume of the daughter cells 
after the replication of the adult ones and the variation in the
dimensions of the adult individuals are responsible, to a great
extent, for the wide variations in their cell volumes.
On the second sampling date, which is mostly between days 12 and
14 of the run, the linear dimensions of 5 individuals of each common
ciliate species in the top 1 cm sand were measured in run 2 and runs
5-8 in bed 14. During the fourth run of the same filter bed,
measurements of 7 to 10 individuals of the commoner ciliates from five 
different depths (1, 3, 5, 10 and 30 cm) and on three sampling dates 
(5, 12 and 20 days) were recorded in order to determine the individual
cell size, the mean cell volume and the total biovolume of each common
ciliate. The mean individual cell volumes plus the standard errors 
for the commoner ciliates in different runs can be seen in table 6.2, 
while mean cell size and biovolumes of these ciliates at different
depths and in various run ages in run 4 can be found in appendix 6.1. 
Mean biovolumes for species were calculated as follows:
Biovolume of a species =
mean cell size x numerical density =
jum^ X individual/cm^ sand = jpm^/cell
The aim in this run 4 was to determine whether either sand depth 
or run age has any influence on the cell sizes. Therefore, it was 
found necessary to quantify the relation between the individual cell
size against the sand depth and against the run age via the regression
analysis. It was found that the individual mean cell sizes showed no 
significant relationships with either the depths or the run ages apart 
from:
1- Cinetochilum with depths till 10 cm depth in day 5 of
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the run and its equation is: Y « 403 + 14.9 X
where Y is the size in um^ and X is the depth in cm
2- Stylon^chia with the different run ages at 5 cm depth 
and its equation is: Y = -64 + 1554 X
where Y is the size in um3 and X is the run age in days 
Therefore, it seems that neither sand depth nor run age has any 
influence on the cell volumes and accordingly on their total 
biovolumes since the total biovolume of the ciliates increased or 
decreased at the same instantaneous rates as did their population 
densities during each run. As mentioned earlier in chapters 3 and 4, 
the areal densities of the ciliates increased mostly up to a maximum 
and then declined with the duration of the run, which is the same 
behaviour of their total biovolumes for all the commoner ciliates 
apart from those of Chilodonella on day 12 and Litonotus on day 5 of 
run 4 (appendix 6.1). This further increase in the total biovolume of 
these two ciliates may be interpreted by a succession from the smaller 
sizes to larger ones.
Table 6.2 shows that the commoner ciliates in Ashford Common 
Works can be divided into three size categories:
a) Small-size ciliates whose mean cell volumes vary between 680 
and 2200 um3 such as Cinetochilum, Cyclidium and Chilodonella.
b) Medium-size ciliates which have mean cell volumes ranging from 
2300 to 12176 um3 such as Tachysoma, Oxytricha and Hemiophrys.
c) Large-size ciliates in which the mean cell volumes ranged from 
10913 to 40046 such as Stylonlchia, Vorticella and Litonotus
except that of Vorticella during run 4 (114519 jum3).
Table 6.3 shows the comparison between the mean cell sizes of the 
commoner ciliates of the slow sand filters in the present study in 
Ashford Common Works and those recorded by Goddard (1980) in Hampton
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Works. It appears that the mean cell sizes in the Ashford Common are 
larger than those of the latter Works apart from those of Chilodonella 
and Tachysoma which may be related to the difference in the sand
grades and the porosity in these two Water Works as mentioned earlier
in chapter 3.
6.3- Time-course of the population densities of individual ciliates
It was aimed in this section to detect the changes in the
individual ciliate densities at various runs in beds 14, 5 and 4. 
This can be expressed by calculating the daily instantaneous rate of 
the various common ciliates. The ciliate's depth distribution (no/cm3 
sand) can not provide a reliable indication of changes in the
population density at different times. Accordingly, an estimate for 
comparable population densities could be calculated by integrating the 
area below the ciliate depth distribution figures using an integrating 
programme written by Hewlett Packard as mentioned earlier in chapter 
2. These areal densities of various ciliates were plotted against the 
duration of the different filter runs of bed 14 (figure 6.2). The 
slope of the significant regressions exhibit the daily instantaneous 
rates for the different ciliated protozoans. It was found difficult 
to obtain the rates in this way as most of the runs have less than 5 
ciliate^ sampling occas[ions, apart from run 2, due to the shortage of 
the run's duration in Ashford Common. Therefore, in order to have the 
daily instantaneous rates for different ciliates, the following 
formula was used:
In Nt = In No + rt
2
where Nt is the ciliate no/cm _ on day t
3
No is the ciliate no/cm on day 0 
r is the daily instantaneous rate
t is the time interval during which r was calculated.
285
The instantaneous rates of the common ciliates in Ashford Common can 
be seen in appendix 6.2 and they were converted into the doubling time 
to make a comparison between the ciliate rates in the slow sand 
filters and in other habitats. This conversion can be done using the 
formula:
Dt = ln2/r x 24
where Dt is the doubling time in hours
r is the daily instantaneous rate
Table 6.4 shows the maximal areal densities of the common 
ciliates during different runs in beds 14, 5 and 4. It indicates that 
Cinetochilum achieved its highest areal density (16331/cm-2)during 
autumn, while those of Chilodonella, Vorticella and Litonotus occurred 
during spring and their maximal densities are 69558, 12967 and 9490
/cm2 respectively. On the other hand, the majority of the maximal 
densities of individual and total ciliates took place in summer except 
that of Cyclidium. It is obvious that Chilodonella constitutes the ^ 
highest density by numbers of the total ciliates and its maximum 
occurred during spring.
For the shaded run 7 of bed 5, which was run at the end of summer and 
beginning of autumn, it appears that all the ciliates except 
Cinetochilum, Chilodonella and total ciliates showed lower areal 
densities than those of bed 14 during summer and autumn, 1985. On the 
other hand, the maximal ciliate densities of the partially-shaded run 
7 of bed 4, 1986 were still less than those of bed 14 in the same
period, while most of those of run 8 of bed 4 showed the highest 
densities recorded in these three beds. Again, Chilodonella still 
constitutes the highest density amongst the other ciliates in beds 4 
and 5 as well.
grotoHU
6.4- The daily instantaneous/rates of the ciliates
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i- Bacterivorous ciliates
The daily instantaneous rates of the Cinetochilum, Cyclidium and 
Vorticella are positive in their values throughout the unshaded runs 
of bed 14 except those of run 5 and run 4 only for Vorticella as can 
be seen in appendix 6.2. The highest rates of these three ciliates 
lie in a period extending between August and October. It was found 
that Cyclidium presented the highest daily rate (0.27/d), while the 
lowest was belonged to Cinetochilum (0.13/d). Accordingly, the 
doubling time of the former ciliate was 62 hours, while that of the 
latter was 128 hours and Vorticella lies in between (72 hours) as can 
be seen in table 6.5.
ii- Carnivorous ciliates
This group includes ciliates that prey on other ciliates and 
flagellates such as Hemiophrys and Litonotus and ciliates that feed on 
smaller ciliates, flagellates, algae and bacteria such as Stylonichia 
mytilus. It was found that the highest rate belongs to Hemiophrys 
(0.47/d) during August followed by that of Litonotus (0.28/d) during 
the same time, while that of Stylonichia was found to be 0.09/d during 
June in bed 14. Therefore, their corresponding doubling times were 
35, 59 and 184 hours respectively.
iii- Algivorous and omnivorous ciliates
This group of the ciliated protozoans feed mainly on bacteria, 
small algae, diatoms and flagellates. It includes Chilodonella as an 
algal feeder, Tachysoma, Oxytricha and Euplotes as omnivores. The 
ciliates of this group exhibited their maximal daily rates at various 
runs but their maximal rates varied between 0.17 and 0.28/d and hence 
their corresponding doubling times are 83, 98, 92 and 59 hours
respectively as shown in table 6.5.
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Therefore, it appears that carnivorous ciliates, apart from the 
spirotrich Stylonichia showed the highest daily instantaneous rates 
amongst the other ciliates and consequently, the doubling time of 
these carnivores are shorter.
Appendix 6.2 shows that the daily instantaneous rates of the
different ciliates were positive during runs 2, 6 and 7 apart from 
Stylonichia in run 7 and Hemiophrys in run 6, while those of most of 
the ciliates in the summer runs 4 and 5 showed negative rates. These 
decreasing rates may be explained, to an extent, as a result of the 
highest rates for the carnivore Hemiophrys which was 0.28 and 0.47/d 
in these two runs. Also, it was found that the daily rates of the
individuals of the different ciliate groups in the other two filter 
beds 4 and 5 lie within the range of those of bed 5 except that of 
Hemiophrys which was highest in the partially-shaded bed 4.
Knowing the daily instantaneous rates "r", it was possible to 
determine the finite rate of increase "I" which can be defined as the 
factor by which the population will multiply per unit time or day.
This finite rate can be calculated as follows:
» a » «  =
where e equals 2.776
r indicates the daily instantaneous rate of a ciliate *
Table 6.5 shows the finite rates of increase of the commoner ciliates 
in Ashford Common Works. This rate was varied between 1.04 and 1.32 
for the different ciliate individuals apart from the carnivores 
Hemiophrys and Litonotus that showed higher finite rates than others; 
from 1.2 to 1.6 and from 1.12 to 1.32 respectively.
Table 6.6 shows a comparison between the doubling times of 
various ciliated protozoans in Ashford Common (the present study) and 
Hampton Works (Goddard, 1980). It was found that most of the ciliates
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in Ashford Common had higher doubling times thao those in the latter 
Works which may be related to the larger sizes of most of the species 
in the present study. It was found that the doubling times of the 
ciliates in the slow sand filters ranged from 35 to 416 and from 29 to 
354 hours in Ashford common and in Hampton Works, respectively, 
compared with 2.4-46 hours (Fenchel, 1968), 6.38- 77.2 hours (Finlay, 
1979) and 6-256.7 hours (Rivier et al, 1985). This means that 
ciliated protozoans in the slow sand filters showed bigger doubling 
times than those recorded from the cultural systems. This can be 
explained on the basis that food in the slow sand filters may be not 
sufficient or most probably is not so nutritive like that of the 
cultural experiments.
Figure 6.3 illustrates the relationship between log mean cell 
volumes of some ciliates such as Cinetochilum, Chilodonella Cyclidium 
and Hemiophrys against the log of their doubling times during the 
unshaded run 4 in bed 14 at an average water temperature of 18°C. It 
was not possible to examine this relationship for the other ciliates 
due to their negative instantaneous rates during that run. This 
figure shows that there is a tendency for the first three ciliated 
protozoans only to follow Fenchel's definable relationship between 
cell size and doubling time (1968).
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Table 6.1 The common ciliated protozoan species at Ashford Common






1- Class: Kinetofragminophorea 




forn^  polysaprobica 
b- Sub-class2: Hypostomatia 
Orderl: Cyrtophorida 
Chilodonella spp.
2- Class: Oligohymenophorea 




b- Sub-class2: Peritricha 
Order: Peritrichida 
Vorticella spp*
3- Class: Polyhymenophorea 
a- Sub-class: Spirotricha 
Order: Hypotrichida 
Euplotes spp.
Stylonichia mytilus Ehrenberg 
Oxytricha fallax Stein 
Tachysoma pellionella Muller
* Litonotus includes two species; lamella E and fasciola E.
* Vorticella includes two species; campanula E and convallaria L.
NB There were some other ciliates recorded in Ashford slow sand 
filter during this study but less common and these species are:
- Urotricha sp.
(Kinetofragminophorea, Gymnostomatia, Pleurostomatida)














Table 6.1(a) Linear dimensions of the different ciliates in the slow 
sand filters in Ashford and Hampton Works and Bick,1972. 
********************************************************
Taxonomic Cell dimentions
position 1 present study -Goddard(1980) 1 Bick(1972)



























1 44 - 72 1 
Chilodonella spp. j
11 - 17 1
11















1 11 - 40 1 
Cyclidium spp. |
9 - 19 1
1
16 - 41 1 15
1
1
- 45 1 
1
—
1 15 - 44 1 
Vorticella spp. |









body 1 44 - 103| 
stalk 1 90 - 3201 
Euplotes spp. I
35 - 60 1 

























|110 - 2091 32 - 1481 
Oxytricha fallax Stein j








1 33 - 65 1 15 - 40 1 
Tachysoma pellionella Muller j
1




1 40 - 88 1 17 - 55 1 49 - 96
1
1 80 1 —
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Table 6.2 Mean individual cell volumes/for different ciliates and 


























































































































































Table 6.3 Comparison between the mean individual cell sizes of 
ciliates at the top 1cm sand in Ashford and Hampton 
Works.
****************************************************
Mean individual cell size (jim^  ) at (
j Species --------------
Ashford ( Hampton j
1985 j (Goddard, 1980) j
1Cinetochilum 1066 ( 1226 1
1Chilodonella 769 i 3974 1
1Cyclidium 1231 1 680 1
(Tachysoma 3048 1 6151 (
1Stylonichia 15216 1 - 1
(Oxytricha 6401 1 - 1
(Hemiophrys 2989 1 - 1
1Litonotus 34767 ( 1422 (
(Euplotes 17047 ( 14710 (
(Vorticella 34963 ( 12417 (
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Table 6.4 Maximal areal densities of ciliates during various 
seasons at the filter beds 14, 5 and 4. 
**************************************************
Maximal areal density (10 /cmf)
Species Bed 14,1985 Bed 5,1985 Bed 4,1986






































































































































Table 6.S Doubling timea', finite rates^and mean cell size of various 
ciliates during runs of beds 14, 5 and 4. 
**********************************************************
1 Species Bed Run DT Cell size] Run DT T Cell size]
1 no. no. (hr) (^m3 ) 1 no. (hr) ÿim^ ) 1 '______
1Cyclid. 14 2 277 1.06 1144 1 3 208 1.08
1 4 415 1.04 2211 1 5 - - 1232 1
1 6 92 1.20 920 1 7 208 1.08 824 1
11









1 4 7 - - 1
8 128 1.14
1Vortic. 14 2 138 1.13 31710 1 3 166 1.11
1 4 — — 114519 1 5 - - 16451 I
1 6 72 1.26 10913 1 7 151 1.12 19530 1
11
8 184 1.09 16655 1 1
1
11





1 4 7 - - 1
8 138 1.13
________ 1
ICineto. 14 2 166 1.11 928 1 3 208 1.08
1 4 415 1.04 5 - - 952 1
1 6 166 1.10 1304 1 7 128 1,14 1048 1
11









1 4 7 — — 8 208 1.08
jHemiop. 14 2 92 1.20 2297 1 3 - -
1 4 59 1.32 5432 1 5 35 1.60 2407 1
1 6 2582 1 7 - - 2514 1




1 5 7 237 1.07 1
1
1
1 4 7 830 1.02 _________1
8 104 1.17
1 Litono. 14 2 62 1.31 36355 1 3
1 4 — — 40046 1 5 59 1.32 33518 1
1 6 — — ' 30957 1 7 119 1.15 36171 1
11
8 151 1.12 31552 1 I
—  11
11
5 7 - - 1
1
1
1 4 7 - - 8 138 1.13
— — — — — M — — — — — — — — — — ———— — — — — — ---- -------- 1
1Stylon. 14 2 208 1.08 12144 1 3 184 1.09
1 • 4 1660 1;01 5 277 1.06 14536 1
1 6 1660 1.01 17888 1 7 — - 18368 1
1 8 - - 13144 1 1
1 _ _ _ — — _ — ——■ — — — — —— — — --- — — — — — --- -------- 1
1 5 7 830 1.02 1
1 ___ — — —— — — — ----- ——  1 — — — — — ——— — --—
1 4 7 332 1.05 8 332 1.05
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1Chilod. 14 2 83 1.22 888 [1 3 332 1.05
1 4 332 1.05 677 11 5 - - 768 [
1 6 332 1.05 768 [1 7 128 1.14 680 [

















1Oxytri. 14 2 128 1,14 3096 11 3 184 1.09
1 4 — — 2421 1[ 5 — - 11880 1
1 6 92 1.20 2392 [[ 7 98 1.19 12176 [
1
1











___  _ 11
1 4 7 - -
1
_ I
1 8 208 1.08
 
____1_1
[Tachys. 14 2 119 1.15 3640 [1 3 —
—  1
1 4 - - 3053 [[ 5 - - 3096 [
1 6 119 1.15 2680 11 7 332 1,05 2576 1




1 5 7 830 1.02
1
- -1
—  1 
1
_1
1 4 7 - -
1
1
1 8 237 1.07
1
_ _ 11
[Euplot. 14 2 59 1.32 17640 [1 3 79 1.23
1
1 4 — - 26036 [1 5 138 1.13 15088 1
1 6 • 92 1.20 11776 1j 7 151 1.12 17504 1
1
1











1 4 7 415 1.04 ________ 1 1 8
138 1.13
_________1
[Total 14 2 83 1.22 10984 11 3 277 1.06
1 4 830 1.02 24299 11 3 — — 9993 1
[ 6 237 1.07 8218 I[ 7 138 1.13 11139 [
1 8 1660 1.01 9096 [ 11
[
1 5 7 277 1.06 _ _ 1
1
1
1 4 7 - -
1
1 8 237 1.07
___  _--------- _  1
>  indicates finite rate/ day.
- indicates that either cell sizes were not measured or the 
instantaneous rates were negative.
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Table 6.6 Comparison between doubling time at Ashford 





1 -  -





1Cinetochilum 128 - 415 50 - 354 1
ICyclidium 92 - 415 5 9 - 9 7  1
IVorticella 
1
72 - 184 36 - 268 1
1Chilodonella 83 - 332
[Tachysoma 98 - 332 29 - 131 1
IOxytricha 92 - 277 — — —  1
[Euplotes 59 - 166
1
IHemiophrys 35 - 92
1 Li tonotus 59 - 151 ---  j
1Stylonichia 184 - 277
— indicates that DT of these species.has not been
calculated-
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CHAPTER 7
BIOLOGICAL INTERACTIONS IN SLOW SAND FILTER
This chapter deals with various interactions that take place 
between bacteria, algae amd ciliates within the sand filters which are 
also influenced by different physical and chemical factors, such as 
temperature, light and dissolved oxygen.
7.1 Comparison of the living biomasses and particular organic matter
One way to demonstrate the relative importance of the different 
constituents of the biological filters at Ashford Common Treatment 
Works is by comparing their biomasses in common units throughout the 
various runs of the three filter beds 14, 5 and 4. The concentration 
of particulate organic carbon within the sand was measured throughout 
the study period by a technique described earlier in chapter 2. This 
included non-living organic matter and all the living organisms - 
bacteria, algae, protozoans and meiofauna- and was taken to represent 
100%. The mean weight of a bacterial cell was taken to be 0.029 pgC 
per cell and was derived from a calculated cell volume based upon the 
linear dimensions of the rods, cocci and fusiforms and a factor 
converting volume to carbon (SEM in chapter 5). The biomass was 
calculated by multiplying mean cell carbon with bacterial densities, 
as numbers per cm3. Chapter 6 shows how the mean cell volume of the 
ciliates was obtained and this comes to 24136 um^ per cell during run 
4 of bed 14. By assuming a specific gravity of 1.06, a dry weight to 
wet weight ratio of 0.2 and a carbon weight of 0.5 of dry weight, a 
mean cell carbon of 2548 pgC per cell was obtained and this was used 
to convert ciliate densities to ciliate carbon biomass. The algal 
biomass was measured as chlorophyll-a per cm-3 and was converted to 
algal carbon using a carbon:chlorophyll-a ratio of 25:1 which was the
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factor used by Thames Water Authority for their phytoplanktonic 
populations and which was obtained by regressing the weekly monitored 
sestonic POC against chlorophyll-a. The difference between the
measured POC and the sum of the bacterial, algal and ciliate carbon 
biomasses gave a value for non-living mass; this includes the
biomasses of the other organisms, such as rotifers and worms, but
these are probably low enough to be ignored here.
The results of these calculations are given in appendix 7.1 and
figures 7.0(a)-(b) as absolute weight per cm3 and in table 7.1 as 
percentage values for the different sampling dates of all runs of beds 
14, 5 and 4.
Table 7.1 shows that the characteristic pattern for the unshaded 
bed 14 was to start a run with higher proportions of living biomass 
but to end it with the non-living mass predominating. The exception 
was run 2, with 80-90% non-living mass being present on all dates but 
day 14. A similar picture is given by the shaded bed 5 although with 
rather more equal proportions. In the partially-shaded bed 4, 
however, the non-living mass predominated during both its runs and on 
all sampling dates. An examination of the percentage composition of 
the living biomasses of bed 14 in table 7.1 shows that early in the 
run, the bacterial biomass usually predominates but there is a 
changeover to a higher proportion of algal carbon later in the run
whereas the ciliate biomass remains a small percentage. This can be 
illustrated using percentage ratios of the bacterial: algal:
ciliates which change from 1: 1.4: 0.1 early in the run to 1: 16:
0.2 later in the run. Comparable ratios for the shaded bed 5 are 1: 
0.6: 0.1, which are similar to the ratios for the early dates in bed
14 whereas the percentage ratios for the partially-shaded bed 4 were 
1: 8.5: 0.7 which are more similar to the later dates of bed 14.
Table 7.1 seems to show that beds 14, 5 are rather similar to each
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other in their percentage composition but bed 4 differs rather 
markedly.
Figure 7.0(a) is a histogram plot of the absolute values of the 
particulate organic carbon in the sand, sub-divided into living 
biomasses and non-living mass, for the same dates, runs and beds as in 
table 7.1. This shows that bed 4 differs from the other two beds in 
having much higher POC, with higher values for both components. Beds 
14 and 5, on the other hand, were rather similar in the weight of 
biomass and mass that the sand contained, especially if the same 
months are compared and despite the fact that bed 5 was shaded. In 
only a few runs in each bed was it possible to sample the beds many 
times. These runs show that time (or age) is needed to build up 
substantial levels of living biomass and non-living mass. Again, the 
exception is run 2 for bed 14 in which the total POC was still rather 
low by days 14 and 21 although it increased considerably by day 35. 
How the composition of the living biomass changed during the time 
course of the various runs and beds is illustrated in terms of 
absolute weight in figure 7.0(b). This figure also demonstrates that 
bed 4 was different from the other two beds in having a markedly 
higher biomass of algal carbon and this was true both its runs 7 and 
8. Beds 14 and 5 were rather similar in always having a higher 
bacterial than algal carbon biomass, although the weight of algal 
carbon did increase with time within a run. Again, this figure shows 
that time is needed to build up substantial biomasses, for example, in 
runs 7 and for bed 4 and run 3 for bed 14.
Since the three beds showed some differences in the percentage 
composition and biomass weights of the living and non-living 
components, it seemed interesting to examine the relative proportions 
of the different kinds of ciliates that were present in the different 
runs of the three beds. The percentage composition was calculated
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from ciliate densities. The ciliates were sub-divided into different 
feeding types so that the bacterivore group contained cinetochilum, 
Cyclidium and Vorticella, the omnivore group, Tachysoma, Oxytricha and 
Euplotes, the algivore group, Chilodonella and the carnivore group, 
Litonotus, Hemiophrys and Stylonichia.
Figure 7.0(c) shows the surprising result that, by number, the 
algivores predominate in all runs and beds. There is also a tendency 
in run 2 bed 14 and runs 7 and 8 in bed 4 for the bacterivores plus 
omnivores to increase proportionately with age of the run. This 
tendency is accompanied with an increased proportion of carnivores 
with time, particularly in runs 2 and 4 of bed 14.
7.2 Theoretical estimation of clearance and ingestion rates 
of bacterivorous ciliates
As stated in chapter 6, ciliate genera such as Cinetochilum, 
Cyclidium and Vorticella are generally considered to feed wholly on 
bacteria whilst some omnivores, such as Tachysoma, Oxytricha and 
Euplotes, as well as the algivore Chilodonella may also feed on 
bacteria in addition to their other food components. The holotrich 
ciliates, Cyclidium and Cinetochilum, possess a few ciliated 
membranellae which enables them to filter off very small suspended
particles such as bacteria. The peritrich Vorticella with its 
complicated oral ciliature has a greater filtering area and so 
clearance power. Llyod (1974) has already pointed out that Vorticella 
is one of the most efficient filter feeding ciliates that can graze
upon the bacterial populations in slow sand filters.
A paper by Rivier ^  (1985) published some equations for
calculating clearance and ingestion rates which the authors applied to 
the oligotrichous ciliate Stijmbidium sulcatum and the flagellate
r-
Pseudoboda sp, both marine species. An attempt was made to apply
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these equations to the bacterivorous ciliates of slow sand filters in
order to obtain a rough, order of magnitude estimation of their
population grazing impact upon the bacteria. The clearance and 
ingestion rates were estimated as follows and according to Rivier ^  
al (1985):-
P = V/ (v.T) (1)
where P is defined in the paper as individual production of the 
ciliate relative to the number of bacteria ingested;
V is the geometric volume of the bacterivorous ciliate (um^);
V is the geometric volume of the bacterium (um^);
T is the doubling time of the ciliate in hours.
The units of P are not given in Rivier ^  aX (1985) but, from the
equation, appears to be the numbers of bacteria ingested to cover the
hourly growth of the ciliate.
I = P/E (2)
where I is the individual ingestion rate in numbers of bacteria 
per ciliate per hour;
E is the growth efficiency of ciliates, taken to be 0.3 
from fenchel (1982);
This adds the number of bacteria required to cover hourly respiration 
of the ciliate.
F = I/N (3)
where F is the individual clearance rate in ml of medium cleared 
per ciliate per hour;
N is the bacterial density per ml of medium.
Table 7.2 lists the calculated clearance and ingestion rates for 
seven common genera of ciliates during some runs of bed 14. The table 
also gives the values used in each calculation for the ciliate volume 
(V), ciliate doubling time (T), bacterial cell volume (v = 0.273 jum^ ) 
and bacterial density of the following top water (N), all of which
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vary from run to run, apart from bacterial size. The doubling time in 
hours was calculated from the daily instantaneous rates of numerical 
increase of the ciliate species, r per day, (table 6.5) using
T = ln2/r
where r is the hourly instantaneous rate of increase.
Table 7.2 shows that the clearance rates of the three
bacterivorous ciliates were different. It appears that the clearance
-6
rates for Cyclidium ranged from 2.3 to 9.3 10 ml/ciliate/hour, that
~(o
for  Cinetochilum from 4.7 to 6.6 10 ml/ciliate/hour and that for
Vorticella from 46.2 to 269.7 10 ^ml/ciliate/hour. The difference is
clear for run 7 and with the same top water bacterial density:
-6
Cyclidium cleared 2.3, Cinetochilum, 4.7 and Vorticella 73.6 10
ml/ciliate/hour. This indicates that the larger-celled Vorticella can 
clear more water per hour than the smaller Cycl i "dium and Cinetochilum 
and that clearance rates calculated from these equations increase with 
cell size. These clearance rates can be expressed relatively in 
relation to the ciliate body volume, according to Fenchel (1980). 
Table 7.2 shows that, under the conditions of bed 14, Vorticella was 
theoretically capable of filtering between 2000 and 14000 times its 
own cell volume per hour and the comparable values for Cyclidium was 
2000 to 7000 and for Cinetochilum was 5000 to 7000.
Table 7.2 shows that the ingestion rates of the bacterivorous 
ciliates also differ in relation to cell size so that the smaller the 
ciliate, the lower the number of bacteria ingested per individual per 
hour. Thus, the hourly ingestion rate ranged from 48.3 to 208.3 
bacteria/ciliate/hour in Cyclidium, from 68.3 to 100.0 and 1099.3 to
2789.0 for Vorticella. The rates for run 7 with the same bacterial 
density were 48.3 for Cyclidium, 100.0 for Cinetochilum and 1580.0 
bacteria/ciliate/hour for Vorticella. By converting the ingestion 
rate in terms of bacterial numbers to a rate in bacterial volumes
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(using 0.273 um3 per bacterium), it is possible to calculate the
hourly ingestion rate as a percentage of the ciliate cell volume. The
usual term for this is the food ration but it is called 'food intake
efficiency' by Rivier et al (1985). ^or run 7, these values come to
1.61% per hour for Cyclidium, 2.59% for Cinetochilum and 2.21% for 
Vorticella and table 7.2 gives the values for the other runs. This 
indicates that Vorticella as a large individual has the potential for 
greater grazing impact upon bacterial populations than the smaller 
individuals of Cyclidium and Cinetochilum. However, these theoretical 
equations take no account of the difference in the oral ciliature of 
the holotrichs and peritrichs.
Turning from the bacterivores and to the algivore Chilodonella,
table 7.2 gives the calculated clearance and ingestion rates for a
-b
ciliate of its small size: 1.65 to 12.64 10^ ml/ciliate/hour and 24.7
to 130.7 bacteria/ciliate/hour, respectively. However, this 
gymnostome holotrich is unlikely to be able to filter water since it 
has a simple oral structure without oral ciliature and with a surface 
cytostome so that these rates are unrealistic. Laybourn-Parry (1984) 
suggests that, when faced with filamentous algae, species like 
Chilodonella may feed by traction or suction-like processes. On the 
other hand, the hypotrich omnivores such as Tachysoma, Oxytricha and 
Euplotes are probably capable of filtering off particles. They 
possess well-developed adorai zones with many membranelles extending 
onto the surface of the cell and also undulating membranes all of 
which can be used for feeding. The range of clearance rates shown by 
these three genera (4.39 to 150.03 10 ml/ciliate/hour) and of
ingestion rates (94 to 1564 bacteria/ciliate/hour) are quite high 
because these are large ciliates. They may be capable of clearing a 
volume of water that is 1446 to 11709 times their body volume per hour 
(table 7.2) and of ingesting hourly 1 to 3.6% of their body volume.
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Although these clearance and ingestion rates are based upon
theoretical equations, they have been calculated from measured
variables such as bacterial density and characteristics of the ciliate
populations such as mean cell size and the instantaneous rate of
increase. Considering the three bacterivorous species Cyclidium,
Cinetochilum and Vorticella, table 7.2 shows that cell size does not
vary in different runs of bed 14 as much as the rate of increase.
This can be seen in figure 7.9 (a) and (b) in relation to the
bacterial densities of the top water during various runs. The daily
rate for all three species increases as the top water bacterial
6
densities increase up to about 17.0 10 bacteria/ml but at densities 
6
over 20.0 10 bacteria/ml, all but one of the rates decline. An
examination of figure 7.9(c), which is a plot of the food ration 
(Iv/V%) for the three ciliates, shows a very similar response to the 
changing bacterial densities. This suggests that the rates of 
population increase are the most influential of the field variables 
affecting the theoretical calculations for clearance and ingestion 
rates. What these analyses seem to show is that the bacterivorous 
ciliates responded favourably to increasing bacterial densities up to
17.0 10^ bacteria/ml in runs 4, 2 and 6 but that conditions became
unfavourable for them in runs 7 and 8, when top water densities were
6 r
more than 20.0 10 ^ bacteia/ml.
7.3 The occurrence of the different feeding groups of ciliates 
in the three beds
Table 7.3 gives the areal densities (numbers per cm^ sand column 
to 30 cm depth) and relative proportions of the four ciliate feeding 
groups as they occurred on different sampling dates for all the runs 
of beds 14, 5 and 4. The original data upon which the depth
integrations are based is given in appendix 4.4.
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The table shows that the areal densities of the algivore 
Chilodonella was higher than any other ciliate group on all sampling 
dates of all three beds. The bacterivorous species formed the next 
most abundant group whereas the omnivores and carnivores were present 
at most equal and low densities. As is to be expected, Chilodonella 
contributed the highest percentage occurrence by number and this 
ranged from 23.5% to 92.5%. In contrast, the percentage contributions 
of the bacterivores varied from 2.2% to 36%, that of the omnivores 
from 1.9% to 17.5% and that of the carnivores from 2.3% to 53%.
When the three beds are compared, the percentage abundance of the 
bacterivorous and algivorous ciliates was seen to be rather similar 
but there are differences with the carnivores and omnivores. The 
percentage abundance of carnivores was rather similar in bed 14 (53%) 
and bed 5 (44%) but it was found to be much lower (8%) in the 
partially-shaded bed 4. This may explain the fact that the greatest 
ciliate populations and the lowest bacterial densities were recorded 
in this bed compared with beds 14 and 5. Likewise, the percentage 
occurrence of omnivores in beds 14 and 5 were rather similar and 
ranged from 1.9% to 17.5% and from 2.7% and 15.1%, respectively, 
whereas the omnivores in bed 4 ranged from 1.9% to 30.2%, with a 
rather higher maximal percentage.
7.4 The relationship between bacterivorous ciliates and the 
sand bacteria
In this section, an attempt is made to examine whether or not 
there is a relationship between the population densities of the three 
bacterivorous ciliates Cyclidium, Cinetochilum and Vorticella and the 
sand bacteria. Table 7.4 gives the depth-integrated values for the 
population densities of the ciliates and sand bacteria in a sand 
column 30 cm deep. The ratio of bacteria to ciliates provides a crude
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estimate of the number of bacteria that were 'available' to each 
bacterivore, assuming that all the bacteria were grazeable. All three
I
filter beds are considered but seasonally has been ignored by pooling 
the data for separate runs of each bed but the distinction of age of 
run is retained.
Table 7.4 shows that the bacterial densities fluctuated around 
6.76 to 45.7 10-/cm^ in bed 14, apart from the very high value of
144.1 10 /cm^ on day 13. The densities were somewhat higher in the
a
shaded bed 5 (26.7 to 68.0 10 /cm-^ ) and somewhat lower in the
partially-shaded bed 4 (3.93 to 17.7 10 /cm2), apart from the very low 
value of 0.46 10 /cm^. Already by day 1, substantial densities of
bacteria had developed in all three beds and then remained more or 
less within the same order of magnitude (loVcm2) but at a
characteristic level for each bed, which was highest in bed 5 (average
9  9
47.0 10 /cm2), intermediate in bed 14 (30.0 10 /cm2) and lowest in bed
9
4 (12.0 10 /cm2). The densities of the bacterivorous ciliates also 
fluctuated about mean values which were rather similar in the three 
beds: 11.92 lO^/cm^, 12.36 loVcm2 and 13.02 lO^/cmZ for beds 14, 5
and 4 respectively.
Table 7.4 shows and figure 7.1 illustrates the way that the ratio 
of bacterial number per bacterivore varies with run age in the three 
beds. This ratio appears to remain more or less constant between 2.0
(o
10 and 3.0 10 bacteria per ciliate during the first twelve days in
bed 14 and during the first seventeen days in bed 5 whereas it was 
always less than 2.0 10- and often less than 1.0 10^ bacteria per
ciliate at all run ages in bed 4, apart from day 18. This remarkable 
stability in the ratios of densities seem to indicate a state of 
balance between the bacterivorous ciliates and the apparient 
'availability' of bacterial food, particularly during the early part 
of the runs of beds 14 and 5 and more or less continuously in bed 4.
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The causes for the imbalance in favour of the bacteria on days 
13, 14 and 22 in bed 14 or on day 31 in bed 5 or for the imbalance in
favour of the ciliates on days 21 and 35 in bed 14 are not known. Nor 
is it known why bed 4 consistently exhibited lower ratios overall, 
although these low values arise from the lower sand bacterial 
densities in this partially-shaded bed.
7.5 The influence of certain physical factors upon the living 
biomass and non-living mass in the sand filter beds.
In this section, an attempt is made to analyse whether factors 
such as run age, water temperature and filtration rate (the vertical 
passage of water through the sand in meters per hour) has any 
influence upon the areal abundances of the different ciliate feeding 
groups, the bacteria, chlorophyll-a and particulate organic carbon, 
all in terms of per cm2 sand column.
Run age appears to exert no direct influence upon the column 
abundances of any of the living components when considered separately. 
No obvious relationship could be seen between run age and the areal 
densities of bacteria and the various ciliate groups nor with
chlorophyll-a abundance. This was true for all three beds. However, 
there does seem to be a good relationship with particulate organic 
carbon and run age in all three beds, as can be seen in Frigure 7.2. 
It appears that the level of organic carbon in the sand is directly 
proportional with the duration of the runs in bed 14 (a), bed 5 (b)
and bed 4 (c) in figure 7.2. This relationship was quantified by
simple linear regression analysis which provided significant 
relationships for each bed as can be seen in table 7.5. The slope of 
these equations represent the daily rate at which the sand carbon 
increased in the three beds which were illuminated differently. This 
was highest (at 0.33 mgC/day) in the unshaded bed 14, the
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partially-shaded bed 4 showed a similar but lower rate (0.27 mgC/day) 
and the lowest rate (0.20 mgC/day) was in the shaded bed 5.
Water temperature does not appear to influence directly the 
abundance of chlorophyll-a in the sand or the column densities of 
different feeding groups of ciliates in any of the three beds nor was 
there an effect upon bacterial densities in beds 14 and 4. However, 
figure 7.3 shows that there was an influence of water temperature upon 
bacterial densities in the shaded bed 5. as water temperature
o
increased up to 17 C, bacterial densities decreased and this inverse 
relationship could be quantified by simple linear regression analysis 
(table 7.6). Figure 7.4 illustrates a similar inverse relationship 
with temperature but for particulate organic carbon in the sand of bed 
4. Table 7.6 gives the significant regression quantifying this 
relationship.
The only component of the sand community that appeared to be 
influenced by filtration rate was the column abundance of 
chlorophyll-a and this was seen only in bed 4. Figure 7.5 illustrates 
the very steep decline in chlorophyll-a of this bed as the filtration 
rate increased from 0.1 to 0.26 m/h and the significant linear 
regression quantifying this relationship is given in table 7.7. The 
causes of this are not known but may be due to increased transport by 
water flow or increased movement downwards of the mainly diatom flora 
with increased downward passage of water.
7.6 The influence of certain physical factors upon individual 
ciliate genera in the sand filter beds.
In this section, an attempt was made to analyse the influence of 
the same environmental factors of run age, temperature and filtration 
rate upon the column densities of various ciliate genera or species in
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the three beds which were studied. In general, it was found that 
these environmental factors appeared to have no significant effect 
upon the common species of ciliates inhabiting the shaded bed 5 but 
that strong relationships were detected in the unshaded bed 14 and
partially-shaded bed 4.
Of all the ciliates living in the partially-shaded bed 4, the
only genus which showed a direct relationship with run age was the 
holotrich Cyclidium. Figure 7.6(a) illustrates the rather variable 
relationship of Cyclidium density with the duration of runs and shows 
a tendency for an increase in density as the run lasted. The high 
degree of variability is due to three peaks: one on day 12, the 
second which lasted from day 24 to day 31 and the last on day 52, near
the end of the run. In contrast and for the same bed 4, figure 7.6(b) 
illustrates the response of Oxytricha to run age. This hypotrich 
genus occurred at much lower densities in bed 4 and slowly reached 
1000 individuals per cm2 by day 33 after which it declined in 
abundance. In comparison, the peritrich Vorticella showed a good 
relationship with run age in the unshaded bed 14. As described 
earlier in chapter 4, Vorticella was always sparse at the beginning of 
most runs of bed 14, apart from the summer runs 4 and 5. As the runs 
progressed, Vorticella numbers increased to attain a maximum of about
13.0 10^ individuals/cm2 by day 35, as is shown in figure 7.6(c). 
Significant regressions between densities and run age were obtained 
for all three ciliate genera and these are given in table 7.8.
Water temperature was found to play a role related to the 
densities of some ciliates in beds 4 and 14. These relationships are 
illustrated in figure 7.7(a)-(d) for Tachysoma and Oxytricha in bed 4 
and for Stylonichia and Hemiophrys in bed 14. The hypotrichs 
Tachysoma and Oxytricha both showed a similar increasing densities at^ 
14.5 *^0 on three sampling occasions from day 38 to day 52 during which
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Tachysoma grew from zero to 820/cm^ and Oxytricha from 310 to 980/cm^. 
This is probably associated with an improving food supply. At higher 
temperature, Tachysoma reached densities of 2240/cm2 at 16 and 
2790/cm2 at 19 C^, In contrast, the densities of Oxytricha declined 
with temperature increase between 15 and 19 C^. Both relationships 
could be quantified in a significant regression and these are given in 
table 7.9. in bed 14, the density responses of Stylonichia and 
Hemiophrys to rising temperature showed a different pattern (figure
7.7 (c)-(d)). The density of Stylonachia remained more or less 
constant between 11 and 15 °C and more than quadrupled between 15 and 
19 C. In Hemiophrys in bed 14, the density increased moderately up to 
4900/cm2 at 17 *^C and then showed a sharp increase to very high values 
of 35500/cm2 at 19*’C. ' The significant regressions that could be
calculated for these two ciliates are given in table 7.9 but the one 
for Hemiophrys is not very satisfactory although it has a probability 
of P = 0.02 because of the two very high density values at 18®C and 19
<7
C.
Filtration rates was found to provide a relationship with the 
densities of Tachysoma, Oxytricha and Litonotus in bed 14 and with the 
density of Euplotes in bed 4. Figure 7.8 (a)-(c) shows that the first 
three ciliates exhibited a similar response of increased density with 
increasing filtration rates. Although significant regressions were 
obtained for all three genera, the fit of the linear regression for 
Litonotus was not very satisfactory because of the very high densities 
which this ciliate developed once the filtration rate was greater than 
0.3 m/h. Similarly, the densities of Tachysoma were affected, though 
adversely, at high filtration rates above 0.32 m/h and these reduced 
densities at higher filtration rates probably affected the slope of 
the regression in table 7.9. In contrast to the responses of the bed 
14 ciliates, Euplotes in bed 4 exhibited a two-phased responses to
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increase in filtration rate, which is shown in figure 7.8(d). Below 
0.16 m/h, the density of Euplotes showed a slight increase with 
increasing filtration rate but above 0.16 m/h there is a significant 
and large decline, with a slope of -14.7 (table 7.10). This result 
for Euplotes, and the similar result for Tachysoma, appear to indicate 
that the densities of some ciliates start to decline when the 
filtration rate increases above a certain level. The level for 
Euplotes was 0.16 m/h and for Tachysoma was perhaps 0.28m/h. it may 
be that the critical filtration rate for Litonotus and Oxytricha is 
much higher and not reached by bed 14 during this period of study. 
May be each species has its own critical rate which may be associated 
with its inability to remain in place as the rate of downward passage 
of water increases. With a sand porosity of about 40%, the downward 
flow of water in the interstitial spaces inhabited by these ciliates 
will be about 2.5 times faster.
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Table 7.1 The carbon biomass'percentages of the living and the non 
living components at the filter beds 14,5 and 4. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *








































































5 5 2.6 14.8 24.8 42.2 57.81
1
11
6 2 1.2 23.6 10.1 34.9 65.11
1
11



























































































































L indicates the living components.
N-L indicates the non-living components.
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
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Table 7.2 The clearance and ingestion rates of bacterivorous ciliates 




























1 1 4 677 1 0.051 0.002 333 7.02 24.7 3.52 1.01 0.005]
1 1 6 768 1 0.051 0.002 333 16.98 28.0 1.65 1.01 0.002]






0.141 0.006 119 10.34 320.0 36.12 2.81
1
0.010]
1 1 6 26801 0.141 0.006 119 16.98 275.0 16.20 2.81 0.006]
1 1 7 25761 0.051 0.002 333 21.46 94.3 4.39 1.01 0.002]






0.131 0.005 128 10.34 295.7 28.60 2.62
1
0.009]
1 1 6 23921 0.181 0.008 92 16.98 317.7 18.71 3.63 0.008]
1 1 7 121761 0.171 0.007 98 21.46 1514.3 70.56 3.39 0.006]






0.12| 0.005 139 10.34 1551.3 150.03 2.40
1
0.009]
1 1 5 150881 0.121 0.005 139 33.69 1327.0 39.39 2.40 0.003]
1 1 6 117761 0.181 0.008 92 16.98 1564.0 92.11 3.63 0.008]
1 1 7 175041 0.111 0.005 151 21.46 1416.3 66.00 2.21 0.004]






0.041 0.002 416 7.02 65.0 9.26 0.79
1
0.004]
1 1 6 9201 0.181 0.008 92 16.98 122.3 7.20 3,63 0.008]
1 1 7 8241 0.081 0.003 208 21.46 48.3 2.25 1.61 0.003]






0.101 0.004 166 10.34 68.3 6.61 2.02
1
0.007]






0.121 0.005 139 10.34 2789.0 269.73 2.40
1
0.009]
1 1 6 109131 0.231 0.010 72 16.98 1846.7 108.76 4.61 0.010]
1 1 7 195301 0.111 0.005 151 21.46 1580.0 73.63 2.21 0.004]
1 1 8 166551 0.091 0.004 185 23.78 1099.3 46.23 1.80 0.003]
N.B. The ciliate cell sizes were measured at the top 1cm sand and
the abscence of the size means that there was no species found 
at 1cm depth in certain runs, 
r indicates instantaneous rate of ciliate numerical increase 
V indicates bacterial cell volume = 0.273 umP 
T indicates ciliate doubling time/ hour 
N indicates bacterial density
*These are theoretical rates, calculated using formulae from R ivier  
et ^  (1985). ^
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Table 7.3 The areal densities and relative abundances of the four
ciliate feeding groups in different runs of beds 14 and 5 
in 1985 and in bed 4 in 1986. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
|Bed Run Run age Types of ciliates l(f /cm^ (percentage) !
|no.
1
no. (days) Bacterivores Carnivores Omnivores Algivore |
1
|14 2 7 3.15 (15.5) 0.83 (4.1) 0.61 ( 3.0) 15.70 (77.4)1
1 14 1.69 ( 2.2) 1.63 ( 2.3) 2.28 ( 3.0) 69.56 (92.5)1
1 21 9.54 (20.0) 11.04 (23.0) 8.35 (17.5) 18.85 (39.5)1
1 28 10.84 (29.4) 4.81 (13.1) 5.17 (14.0) 16.04 (43.5)1
11
35 17.06 (36.0) 10.76 (23.0) 2.43 ( 5.0) 17.01 (36.0)1
1
I 4 5 13.32 (22.7) 10.16 (17.2) 9.73 (16.6) 25.58
______
(43.5)1
1 12 14.60 (23.2) 6.96 (11.1) 6.19 ( 9.8) 35.12 (55.9)1
1 20 13.12 (17.8) 39.03 (53.0) 4.24 ( 5.7) 17.46 (23.5)1
1
1 8 1 14.63 (23.1) 3.48 ( 5.5) 1.19 ( 1.9) 43.94 (69.5)1
1 13 24.49 (34.9) 1.26 ( 1.8) 5.13 ( 7.3) 39.32 (56.0)1
1 22 7.64 (12.8) 3.38 ( 6.6) 5.44 ( 9.1) 43.44 (72.5)1
1 27 17.92 (28.4) 1.80 ( 3.0) 3.42 ( 5.4) 39.92 (63.2)1
1 5 6 S 1 4.59 (21.6) 9.37 (44.1) 0.57 ( 2.7) 6.73
______
(31.6)1
1 15 14.67 (25.6) 4.70 ( 8.2) 8.69 (15.1) 29.36 (51.1)1
1
1 7 S 5 22.12 (38.2) 0.90 ( 1.6) 3.11 ( 5.4) 31.85
—
(54.8)1
1 17 15.77 (14.1) 3.53 ( 3.2) 3.86 ( 3.4) 89.02 (79.3)1
1
1
31 4.67 (24.0) 1.20 ( 6.2) 2.22 (11.4) 11.39 (58.4)1
--1
1 4 7 PS 4 8.95 (32.6) 1.61 ( 5.8) 4.29 (15.6) 12.63 (46.0)1
1
1
18 3.90 (23.5) 1.35 ( 8.1) 5.00 (30.2) 6.33 (38.2)1
1
1 8 PS 3 2.20 ( 4.7) 0.60 ( 1.3) 0.91 ( 1.9) 43.18 (92.1)1
1 12 16.26 (11.5) 1.84 ( 1.3) 3.28 ( 2.3) 119.6 (84.9)1
1 20 13.46 ( 6.9) 2.80 ( 1.4) 3.57 ( 1.8) 176.5 (89.9)1
1 24 20.42 (32.5) 1.54 ( 2.5) 6.49 (10.3) 34.34 (54.7)1
1 31 14.85 (43.3) 1.82 ( 5.3) 5.86 (17.1) 11.76 (34.3)1
1 38 8.58 (13.3) .2.51 ( 3.9) 5.48 ( 8.5) 48.10 (74.3)1
1 45 16.20 (47.8) 0.22 ( 0.5) 3.51 (10.4) 14.00 (41.3)1
1 52 25.45 (44.2) 0.90 ( 1.6) 2.62 ( 4.5) 28.64 (49.7)1
S indicates the shaded runs of bed 5.
PS indicates the partially-shaded runs of bed 4.
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Table 7.4 The areal population densities of bacteria (10 /cm^) and 
bacterivorous ciliates (10^/cm^) and their ratios at 
runs of the filter beds 14,5 and 4. 
********************************************************











|14 1 1 40.62 14.63 2.78 1
5 38.86 13.32 2.92 1
7 11.48 3.15 3.64 1
12 45.66 14.60 3.13 1
13 144.06 24.49 5.88 1
14 28.00 1.69 16.57 1
20 41.37 13.12 3.15 1
21 6.76 9.54 0.71 1
22 41.60 7.64 5.45 1
35 12.05 17.06 0.71 1 
1
1 5 1 1 26.72 4.59 5.82 1
5 62.23 22.12 2.81 1
15 31.55 14.67 2.15 1
17 49.02 15.77 3.11 1
31 67.99 4.67 14.56 1
1 4 1 3 3.92 2.20
- - -
1.78 1
4 11.65 8.95 1.30 1
12 8.69 16.26 0.53 1
18 9.95 3.90 2.55 1
20 12.35 13.46 0.92 1
24 0.46 20.42 0.02 1
31 17.69 14.85 1.19 1
38 16.44 8.58 1.92 1
45 15.07 16.20 0.93 1
52 14.69 25.45 0.58 1
Table 7.5 Summary of the significant relationships between
the particulate organic carbon and the run ages of 
the filter beds 14,5 and 4.
The equation is Y = a + bX
where Y indicates the organic carbon (mg/cm^).
X indicates the run ages (days).







 1,10 37.72 < 0.001 1
1 5 1 3.05 0.20 1 1,3 16.41 0.03 1
1 4 1 7.14 0.27 1 1,8 11.02 0.01 1
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Table 7.6 The relationship between water temperature and the depth- 
integrated bacterial densities in bed 5 and the depth- 
integrated sand particulate organic carbon in bed 14. 
********************************************************* 
i] temp. Vs bacteria (bed 5):
Equation is Y = a - bX 9 2
where Y indicates the bacterial densities (10 /cm^ )
X indicates the water temperature (t).
1 a I b I df I F I P I
1379.01 -20.4 I 1,3 | 22.5 j 0.02 j
ii] temp. Vs organic carbon (bed 4):
Equation is Y = a - bX
where Y indicates the organic carbon abundance (mg/cm^) 
X indicates the water temperature X*C).
1 a 1 b 
1 - 1 -
df 1 
____ 1




1,8 1 5.45 1 0.05 1
Table 7.7 The relationship between Filtration rate and the 
depth-integrated chlorophyll a in bed 4. 
************************************************
Equation is Y = a - bX
where Y indicates chlorophyll abundance (ug/cm^) 
X indicates filtration rate (metre/hr).
I a I b I df I F I P I
300.0 -881.0 I 1,8 6.03 | 0.04
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Table 7.8 The relationship between the run age and the depth- 
integrated ciliate densities in beds 4 and 14. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Equation is Y = a + bX
where Y indicates the ciliate densities (10 /cm^)
X indicates the run age (days).
Bed no.| Species
14
ICyclidium | 1.66 






1 F P 1
1 5.81 0.04 1
1 5.85 0.04 1
1 15.03 0.001 j
Table 7.9 The relationship between the water temperature and the 
depth-integrated ciliate densities in beds 4 and 14. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Equation is Y = a + bX
where Y indicates the ciliate densities (10^/cm^)
X indicates the water temperature (t).




b df F P 1
1 1
1 4 1Tachysoma - 5.34] 0.41 1,8 7.25 0.03 1
1 1Oxytricha 2.68] -0.14 1,8 9.38 0.02 1
1 14 IStylonichia - 0.82] 0.09 1,18 6.58 0.02 1
1 1Hemiophrys 
1------------------
-24.9 1 1.87 1,18 6.88 0.02 1
Table 7.10 The relationship between the filtration rate and the 
depth-integrated ciliate densities in beds 4 and 14. 
****************************************************** 
Equation is Y = a + bX
where Y indicates the ciliate densities (10^/cnf )
X indicates the filtration rate (metre/hr).
Bed no Species a 1 b 1 
1
df F P
4 Euplotes 5.02 1-14.7 1 1,8 7.33 0.027
14 Tachysoma 0.07 1 6.14] 1,17 4.59 0.047
Oxytricha -0.20 1 4.59] 1,17 5.21 0.036
Litonotus -1.02 1 12.90] 1,17 4.36 0.046
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Figure 7.1 The ratio of bacterial density and bacteriovorous ciliate 
densityr both per cm^ sand column, at different run ages 
for (a) bed 14, (b) bed 5 and (c ) bed 4.
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Figure 7 « 2 The relationship between the particulate organic carbon and 







Figure 7.3 The relationship between the bacterial densities!10*/cm%)










Figure 7.4 The relationship between the organic carbon (mg /cm^) and 
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Figure 7.7 The relationship between areal ciliate densities
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Figure 7,8 The relationship between the filtration rate and the areal 
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Figure 7,9 Relationship between the mean cell volume, the daily
instantaneous rate of increase and the calculated food 
ration for Cyclidium, Cinetochilum and Vorticella in bed 14
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CHAPTER 8 
THE PILOT SAND FILTER MODEL
Mark I of the experimental slow sand filter model available in 
the department of Biology at Royal Holloway and Bedford New College 
was designed by Lodge (1979) and constructed in the department's 
workshop. She was the first to use it, followed by Goddard (1980) 
after which improvements to the original design were developed by 
Martin James and Dr A Duncan which were incorporated into the mark II 
model. This mark II model has been described in detail in chapter 2 
and was the model used for the experiments described in this chapter.
8.1 A review of previous work on the filter model by 
Lodge (1979) and Goddard (1980)
Lodge (1979) attempted to validate the filter model by comparing 
its performance with that of a bed 5 which was functioning 
operationally at the Hampton Treatment Works during August and 
September 1977. The aim was to run both at 20 cm/h but in the event 
bed 5 was run at lower filtration rates of 12-16 cm/h. The head 
losses recorded for the filter model were consistently lower than 
those of bed 5, despite the higher water flow in the filter model and 
despite the fact that the model was filled with sand from the bed 
rather than from the washing bays.
The sand POC and meiofaunal populations which developed over the 
38 days of the model filter run could only be sampled on the 38th day 
and these were compared with the values for sand carbons and meiofauna 
from a set of sampling cores, filled with bed sand, which had been 
left for 42 days in bed 5. There were also some sampling cores lifted 
after one day. After a period of 40 days, the depth distribution of 
the sand POC was very similar apart from the top 1 cm sand which
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increased from 220 ugC/cm^ on day 1 to about 1000 ugC/cm3 on day 42 in 
bed 5 but to only half that amount (650 ugC/cm^) in the filter model. 
Lodge suggests that this may be associated with the absence of direct 
sunlight from the filter model which was only lit by artificial light. 
On the other hand, the densities of Enchytraeus and nematode worms was 
similar in both but certain members of the meiofauna were missing from 
the filter model.
In order to monitor the performance of the filter model during 
its run of 38 days, Lodge measured the oxygen consumption of the sand 
at different depths on days 3, 10 and 36 and thus produced information 
impossible to be obtained from an operational bed. The dissolved 
oxygen concentrations in the interstitial water was measured at 
approximately 2-3 hour intervals throughout 24 hours on each of these 
days. The interstitial water outlets (figure 2.8) at the surface, 1, 
5, 10, 20, 30 cm depths and at the effluent could be used to collect
water samples at the proper internal filtration rate and without 
exposure to air by an attached series of three micro-Winkler bottles, 
two of which provided water samples of 2.7 ml. A micro-Winkler 
technique with an amperometric end-point (Mackereth et al, 1978) was 
applied to measure the dissolved oxygen concentrations. Lodge's 
results indicate that, on all three days, there was a much higher rate 
of removal of oxygen in the top 1 cm of sand compared with the rest of 
the sand but, by day 36, there was also an increased though not so 
high rate of removal from the 2-5 cm depths whereas at depths of 6-25 
cm there was little change. These data were used to calculate oxygen 
consumption rates for these three distinct sand levels (0-1, 2-5 and
6-25 cm) for each of the three days. On any one day, the three rates 
were significantly different and the top two rates increased with time 
or run age. By day 36, the mean rates per cm-3 of sand were 36, 5 and 
0.7 ug02/gC/h for the sand at 0-1, 2-5 and 6-25 cm depths
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respectively. These results of Lodge (1979) have provided some unique 
information about the level of bacterial respiration and the oxygen 
conditions for the ciliates at different sand depths and how these 
change with run age.
Goddard (1980) used the filter model to monitor the development 
of bacterial densities in the interstitial water during the first 10 
days or so of a run. She found that the interstitial water outlets 
(figure 2 .8 ) were ideal for obtaining un-contaminated water samples 
and used the same black-membrane epifluorescence technique for 
enumeration as is described in chapter 2. In her first experiment, 
she attempted to test the effect upon interstitial bacterial densities 
of filling the model with 'clean' sand from the washing bays and 
'matured' or 'used' sand that had been used in a filtration run. The 
mean densities of the interstitial bacteria were mostly of the order 
of 10 per ml for both filter runs but about 50% greater in the used 
sand filter run. A more striking difference is that these densities 
were about two orders of magnitude less than the concentrations of 
bacteria shaken off the sand grains from an operational bed, which 
were about 10^ per cm^ of sand. Goddard (1980) showed that, in an 
operational bed, the sand bacterial densities tend to be high on day 0 
of the run, decline to about 1 .1 0 ^ on day 1 and achieve a plateau at 
about 7-10.10 per cm3 by day 2 to 11. The plateau period is 
associated with increasing densities of ciliates, particularly in the 
top 5 cm of sand. In another experiment with the filter model where 
the bacterial densities of both the top water and the interstitial
water were monitored, she was able to show that, although both
densities fell within 10 per ml, the densities in the interstitial
water were 2 to 5 times greater which suggests either some
contributions from the sand bacteria or some division occurring during 
the passage through the interstitial spaces.
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8.2 Experiments with the mark II sand filter model
The mark II filter model consists of separable perspex sections 
within the sand region which permits the sampling of sand in addition 
to water samples from the interstitial water outlets. In its present 
form, the filter model could be used to perturb experimentally the 
simulated sand filter system in various ways such as changing the 
filtration rates, adding a greater carbon loading in the form of 
nutrients, testing the efficiency of the biological filters to remove 
toxic substances from water which is not possible in the operational 
beds.
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8.3 Sand depth distributions
In this section the model was used to determine the carbon and 
chlorophyll abundances, the bacterial and ciliate densities of the 
sand and the concentrations of the bacteria and carbon in the 
interstitial water under more or less normal environmental conditions. 
The interstitial water samples were collected during the running of 
the model via the interstitial samplers and the water sampling was 
adjusted by using Watson Marrlow pump as described earlier in chapter 
2. On the other hand, it was possible to collect sand samples from 
the model only at the end of each filter run, that is, draining the 
model. The model runs number 1,3,4 and 5 were run at the rapid 
filtration rate of 40 cm/hr exactly like that used during the runs of 
the filter beds at Ashford Common Works, but model run 2 was operated 
at the slow rate, 20cm/hr. Most runs lasted 11-17 days, apart from 
run 2 which was run until 24 days. The dates of each run and the 
temperature conditions are given in table 8.5.
Table 8.1 shows the organic carbon concentrations at different 
sand depths of the filter model at various runs extending between July 
and November 1986. Figure 8.1 illustrates these relationships and it 
shows that the sand organic carbon of the filter model behaves more or 
less similarly to what was found in the sampling cores collected from 
the filter beds towards the end of their runs. At the end of each of 
the filter model runs, the carbon concentrations were higher in the 
top 1cm sand, which included the Schmutzdecke, but declined 
exponentially in the following 2cm sand and then remained at a low but 
constant carbon concentrations down to 30cm sand depth. The depth of 
the biological layer of the model is much th^er than that of the 
operational filter bed. This is most probably due to the absence of 
sun-light as the filter model was lit artificially. The organic 
carbon concentration varied between 1.10 and 2.62 mg/cm3 sand for the
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rapid runs (runs 1,3,4 and 5), while it was much less (0.41 mg/cm^
sand) at the end of the slow run 2 .
The depth distributions of the chlorophyll-a measured during the 
various runs of the filter model are given in table 8.2 and 
illustrated in figure 8.1. It appears that sand chlorophyll 
concentrations also behave more or less similarly to the depth 
distributions of the the organic carbon described above. Very high 
concentrations developed at the top 1cm compared with other depths. 
The uppermost 1cm of sand including the Schmutzdecke shows a 
chlorophyll concentration that varied between 13.0 and 26.0 ug/cm^
sand in runs with 40 cm/h filtration rates but these were much lower 
(3 ug/cm3) in run 2 at 20 cm/h. This top concentration decreased 
sharply below the surface at 3 cm depth. Below this depth, in runs 1 
and 2 , there occurred more or less very low sand chlorophyll values. 
In runs 3, 4 and 5, moderate concentrations were found between 3 and 
10cm depth followed by very low concentrations between 10 and 30cm 
sand depth. Here again, the filter model is responding like an 
operational bed.
Table 8.3 and figure 8.2 show the depth distributions of the sand
bacterial population density in the filter model. Here, the filter
model does not appear to be behaving very similarly to an operational
filter bed. Although the highest sand bacterial densities occur, as
in a real bed, in the top 1 cm of sand, the decline in the filter
4
model is more or less linear (from 0.7-0.8 10 'cm^ at 1 cm to
9
0.02-0.03 10 /cm-3 at 30 cm depth) whereas there is nearly always an 
exponential decrease in bacterial densities in an operational bed. A 
second difference is that the densities recorded for the filter model 
are lower than those found in the unshaded bed 14 and the shaded bed 5 
which were both studied in 1985 (appendix 4.3). However, they are 
more or less similar to the sand bacterial densities recorded for the
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partially-shaded bed 4 which was studied in 1986 (appendix 4.3). It 
was found that the model bacterial densities at depths 20-30cm were 
much lower than those of upper layers where their densities varied 
between 0.02 and 0.03 10 /cm-3 sand at the end of all the filter model 
runs which may be explained as a result of the low organic carbon at 
these lower depths.
As can be seen in table 8.4 and figure 8.2, the densities of 
total ciliates were highly accumulated in the top 2-5 cm of sand at 
the end of these five runs and they ranged from 1204 to 3892 
ciliate/cm-3 sand at the top most 1cm sand depth. These densities 
declined linearly with the depth till achieving a minimum at 10 cm 
depth of 168 (run 5) to 1428 (run 3) ciliate/cm^. One striking 
difference with real beds was that no ciliate was found below 10 cm 
depth, except at the end of runs 4 and 5 where densities of 392 and 56 
ciliate/cm^ sand were recorded at 30 cm depth respectively (appendix 
8 . 1).
It was found that Stylonïchia and Hemiophrys, two of three carnivorous 
ciliates normally present, were completely absent from the sand of the 
filter model at all depths and in all runs. Litonotus, the third 
carnivore, could be traced only in the top 1cm sand at the end of runs 
3 and 4 and in the upper 5cm sand of run 5.
Chilodonella, as an algivore, showed the highest ciliate densities 
(appendix 8 .1) throughout the different sand depths exactly like its 
depth distribution in the operational filter beds. Omnivores showed 
the second group in the abundance where Euplotes was higher than 
Tachysoma and the latter was more abundant than Oxytricha.
8.4 Depth-integrate abundances and densities in the sand
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Table 8.5 shows the areal abundances of sand particulate organic 
carbon and chlorophyll-a and the areal densities of the bacterial and 
total ciliate populations which were recorded at the end of the 
various runs of the filter model. One striking feature of these 
results is that the low filtration rate of 20 cm/h in run 2 did not 
appear to affect the areal abundance or particulte organic matter in 
the sand or the areal densities of the sand bacteria and total 
ciliates since their values lie within the range as those for the 
other faster runs at 40 cm/h. Only the value for chlorophyll-a was 
low at 11.45 ug/cm^ and was, in fact, the lowest of all the runs. 
Although there appears to be no obvious seasonal effect when the 
results for all the runs are examined in table 8.5, there does seem to 
be a great difference between the two November runs 4 and 5 and the 
others run in July, August and September. In the November runs, the 
ciliate areal densities are rather low, between 6-7 10^ per whilst 
the chlorophyll-a concentration is rather high at more than 30 ug/Om% 
whereas the reverse is true during the period from July to September 
when the ciliate densities are 2 to 3 times the November density but 
the chlorophyll-a concentration is a half to a third of the November 
value.
Table 8.6 presents the areal densities of different ciliate 
groups and genera that occurred in runs 2 to 5 of the filter model; no 
data is available for run 1. By far the most abundant ciliate by the 
end of these filter runs was the algivore Chilodonella. It was 
present in large numbers, from 16-17 10^ per cmZ, in July and August 
when it represented 68-83% of the total ciliates. Fewer were present 
during the October-November run 4, about 5-6 ic f /cm%, but these were 
69% of the ciliates. Only in the late November run 5 did both its 
numbers and proportion decline and then the bacterivores increase 
their proportion to 65% from earlier values of 15-30%. This
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changeover coincides with a decrease in temperature from 18-19 ^  to 
14-15 %  (table 8.5) but a far more striking coincidence is with the 
changes in the chlorophyll-a concentrations which has just been 
described. Conditions in the filter model did not appear to favour 
the development of omnivorous or carnivorous ciliate genera, several 
of which were not detected or were present in low numbers.
At this point, it was found helpful to make a comparison between
the depth-integrated abundances and densities from the filter model at
the end of its runs with those recorded for the three operational
filter beds 14, 5 and 4 when sampled in the same months and at similar 
run ages. Table 8.7 provides the basis of this comparison. This
table shows that the abundance of both organic carbon and 
chlorophyll-a in the sand was lower in the filter model than in the 
real beds. The sand organic carbon was half or a third of that from 
comparable runs whereas the reduction in chlorophyll-a levels was much 
greater(table 8 .6 ). The same marked reduction in filter model 
densities was also true for the bacteria and total ciliates. The 
bacterial densities were 10 to 20 times less in the filter model runs 
compared with real bed runs of the same months. The difference with 
ciliate densities was not so drastic but was still as much as 3 to 6 
times lower. Only in beds 4 and 5 for particulate organic carbon and 
only in bed 4 for bacterial density were these variables similar in 
order of magnitude to that found in the filter model. The conclusion 
from this comparison is quite clear, that the experimental filter 
model, supplied with transported top water and artificially lit, is 
not so biologically productive as the operational beds of Ashford 
Common, which are continuously supplied with water lit by natural 
sunlight, although the communities that develop in both are very 
similar. The small diameter of the filter model and the need to drain 
the model prior to sampling the sand might also exert some
339
unfavourable influences.
8.5 Interstitial carbon and bacteria
As mentioned earlier, it was very difficult to measure physical, 
chemical or biological variables of the interstitial water of an 
operational filter beds. Therefore, it was a good chance to study the 
particulate carbon and bacterial content of the interstitial water 
with the aid the experimental filter model.
Table 8.8 shows the daily mean of the interstitial water carbon 
concentrations collected from different depths (0-30 cm) of the filter 
model during run 4. The organic carbon was found to be higher in the 
top water of the model just above the sand surface (zero cm depth) 
than any other interstitial carbon concentration at the lower depths, 
apart from day 5 of run 4, where the highest water carbon was found in 
the interstitial water at 30cm depth. It is apparent that the 
interstitial carbon concentrations decreased with sand depth in the 
filter model. The only exceptional depth was at 5 cm which was 
continuously higher than that at 1cm sand depth.
Table 8.9 shows the daily mean densities of the interstitial 
bacteria in the top water above the sand surface and at the 
interstices between sand grains at various sand depths of run 4. The 
highest water bacterial densities were always found in the top water 
followed by a gradual decrease down to 30cm sand. Again, 5cm depth 
was always exceptional throughout the different sampling dates in the 
same way as with interstitial carbon.
Table 8.10 shows the daily depth-integrated values for the 
concentration of the interstitial water carbon and bacteria during run 
4 of the filter model. It appears that the integrated values for 
interstitial particulate organic carbon remained more or less the
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2
same, with slight fluctuations from 25-31 ugC/cm\, from day 2 to 12
2
and then decreased only to 19 ugC/cm^ on day 14. Similarly, the 
bacterial densities did not vary much but, like the carbons, increased 
from day 2 to peak on the same day 6 and then declined slightly. 
Table 8.10 and figure 8.3 show that water temperature did not vary 
very much during this run but that head loss increased in the manner 
to be expected by comparison with real beds from 8 cm to nearly one 
metre by day 16.
The same figure with table 8.10 show that the filter model 
resistance (head loss) increased with the duration of the model run 
age. It appears also that the interstitial water carbon and bacteria 
showed a tendency to be affected positively by the run age up to day 6
of the run as can be seen in figure 8.3. These relationships were
quantified using the regression analysis which proved that the
relationship between the head loss and the duration of the filter 
model run is the only significant one as can be seen in table 8 .1 1 . 
Figure 8.4 shows this relationship between the head loss and the 
filter run's duration for run 2 (20cm/hr). It appears that the head
loss is still affectted by the run age positively in run 2 but in a
smoother way. A comparison was made between the head loss and the run 
age in slow and rapid filtration runs. This was quantified by 
regression analysis and the significant relationships are given in 
table 8.11. The latter table indicates that the slope of the slow
run's equation was less than that of the rapid one and, accordingly,
it takes longer time to jack up the filter model.
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Table 8.1 The depth distribution of the organic carbon in 
the sand of the filter model at the end of five 




17/7 24/8 11/9 1 
1
6/11 24/11 1 
1
_____ 1



















































































































Table 8.2 The depth distribution of chlorophyll-a in the 
sand of the filter model at the end of five 




17/7 24/8 11/9 6/11 24/11 1 
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Table 8.3 The depth distribution of bacterial populations 





17/7 24/8 11/9 6/11 24/11 1


























































































Table 8.4 The depth distrihution-of the common ciliate
populations (individual/cm^ sand) at the end of 




17/7 24/8 11/9 6/11 24/11 1 
1
1 1 cm 2011 2352 - 3892 1204 2968 1
1
1 3 cm 1850 0 3304 504 756 1
1
1 5 cm 1517 2240 1736 308 700 1
1
110 cm 872 924 1428 308 168 1 
1
1




1 30 cm 0 0 0 392 56 1
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Table 8.5 The integral values of carbon, chlorophyll, bacteria, 
and ciliates together with chosen physical parameters 




Run 1 Run 2 Run 3 \ 
__ 1




15 24 10 [ 
1






















3.41 4.01 2.43 [ 
1




























Table 8.6 The areal densities of the sand ciliated protozoans 
(individual/cm*) and the percentage of each ciliate 
group at the end of the filter model's runs 
******************************************************
1 Species Run 2 Run 3 Run 4 Run 5 [
[Bacterivores
1Cinetochilum 2615 7165 823 2885 1
1Cyclidium 152 757 1013 789 I
[Vorticella 130 155 193 282 1
1 Percentage 14.8% 31.7% 30.2% 56.4% [
[Algivore
IChilodonella 16241 17584 4661 2139 [
1 Percentage 82.6% 67.9% 69.3% 30.5% [
1 Omnivores
[Tachysoma 516 004 0 667 [
IOxytricha 0 0 022 009 [
1Euplotes 002 004 009 216 1
I Percentage 2 .6% 0 .1% 0.4% 12.7% [
1 Carnivores
1Stylonichia 0 0 0 , 0 I
1Hemiophrys 0 0 0 0 [
1Litonotus 0 221 002 022 1
1 Percentage 0 0 .8% 0 .1% 0.4% [
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Table 8.7 Comparison between carbon, chlorophyll, ciliate and
bacterial integral values for the filter model and the 
filter beds 4, 5 and 15 at nearly similar duration times. 
*********************************************************
11- Model Date Run age POC Ch-a Bact. Ciliate]
1 (days) mg/cm^ ug/cm^ 10  ^/cm* 10  ^/cm; 1
1 Run 1 17/7/86 15 . 3.4 13.5 . 3.5 16.4 j
1 Run 2 24/8 24 4.0 11.5 3.5 19.7 1
1 Run 3 
1_______





1 Run 4 22/7/85 16 9.7 34.0 41.4 70.5 1
1 Run 5 19/8/85 19 10.9 88.5 105.3
1 Run 7 18/9/85 13 4.7 74.4 52.5 73.5 1
=======




1 Run 6 28/8/85 15 7.3 62.0 31.6 71.8 1





1 Run 8 27/8/86 12 7.5 114.8 8.7 124.3 1
Table 8.8 The mean of the interstitial water organic carbon
(ug/ml) + SE throughout the run 4 of the filter model.
*****************************************************
1 Depth(cm)! 0 1 1 1 5 10 1 20 1 30 1




1.35 +1 1.17 +1 1.20 + 0.89 +1 0.82 +1
_ _ _ _ 
0.78 +1
1 1 0.2 "1 0.3 ~| 0.2 0.2 1 0.2 1 0.2 1
124/10 1 1.13 ±1 0.98 +1 1.03 + 0.91 +1 0.91 +1 0.90 +1
1 1 0.3 1 0.1 1 0.2 0.3 1 0.2 1 0.3 "1
126/10 1 1.18 il 1.08 +1 1.14 + 1.03 +1 1.03 +1 1.06 +1
1 1 0.2 1 0.3 1 0.2 0.2 1 0.1 1 0.1 "1
127/10 1 0.80 +1 0.82 +1 1.10 + 0.94 +1 1.01 +1 1.12 *1
1 1 0.2 "1 0.2 1 0.4 0.1 1 0.4 “ i 0.1 "!
129/10 1 1.35 +1 1.10 +1 1.26 + 1.00 +1 0.94 +1 0.90 *1
1 1 0.2 "1 0.3 ” | 0.3 0.3 1 0.1 1 0.1 1
1 1/11 1 1.08 +1 0.93 +1 1.00 + 0.87 +1 0.80 + 0.68 +1
1 1 0.2 ‘ 1 0.3 1 0.3 ■0.3 “1 0.2 "l 0.1 "1
1 3/11 1 0.95 +1 0.74 +1 0.84 + 0.66 +1 0.63 +I 0.52 +1
1 1 0.2 1 0.2 1 0.4 0.2 1 0.3 1 0.1 "1
1 5/11 1 1.49 +1 1.09 +1 1.21 + 0.94 +1 0.67 +1 0.52 +1
1 1 0.1 ” 1 0.4 -| 0.3 0.4 "1 0.3 1 0.1 "1
SE indicates the standard error for three replicates.
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Table 8.9 The mean of the interstitial water bacteria (10 /ml)
+ SE throughout run 4 of the filter model. 
* ** * ** * ** * ** * ** * ** * ** ************** *******************
Depth(cm) 0 1 5 10 20 30
Date
22/10/1986 1.88 + 0.92 + j 1.30 +1 0.73 + j 0.66 +1 0.50 +
0.3 0.3 0.1 0.2 0.2 0.1
23/10 1.83 1,01 +1 1.41 + ] 0.87 +1 0.69 +1 0.59 +
0.5 0.4 0.1 0.3 0.3 0.1
24/10 1.84 + 1.25 ±1 1.67 + 1 0.74 ±1 0.73 + 1 0.51 +
0.5 0.5 0.3 0.3 0.3 0.3
25/10 1.53 + 1.17 +1 1.41 + 1 0.9 + 1 0.68 +1 0.53 +
0.4 0.3 0.4 0.3 0.2 0.1
26/10 2.12 + 1.53 +1 1.69 + 1 1.06 + 1 0.73 + 1 0.61 +
0.4 0.3 0.4 0.4 0.4 0.1
27/10 1.99 + 1.33 + 1 1.61 +1 0.76 +1 0.58 + 1 0.40 +
0.1 0.01 0.4 0.3 0.3 0.4
29/10 1.34 + 0.82 +1 1.04 + 1 0.67 + 1 0.54 +1 0.3 +
0.2 0.1 0.3 0.2 0.3 0.3
1/11 1.08 + 0.66 + 1 0.87 + 1 0.58 + 1 0.5 + 1 0.4 +
0.4 0.3 0.3 0.2 0.1 0.3
3/11 1.52 + 1.1 + 1 1.21 + 1 0.86 + 1 0.69 + 1 0.31 +
0.1 0.35 0.4 0.3 0.4 0.1
5/11 1.76 + 1.22 + 1 1.48 + 1 1.01 + 1 0.64 + 1 0.40 +
0.3 0.4 0.6 0.3 0.3 0.1
SE indicates the standard error of three replicates.
Table 8.10 The depth integral values of the interstitial 
organic carbon and bacteria, water temperature 
and head loss throughout run 4 of the model. 
**********************************************
1 Date Bacteria POC Water Head loss 1
1
1





122/10/1986 21.961 27.248 15 8 1
123/10 24.537 —  — 16 13 1
124/10 25.493 27.770 15.5 22 1
125/10 25.295 —  — 16 26 1
126/10 29.351 31.469 15.5 38 1
127/10 23.461 29.906 16 44 1
129/10 18.461 29.913 15 47 1
1 1/11 16.671 25.056 15 75 1
1 3/11 23.288 19.603 15 96 1
1 5/11 25.441 24.487 15.5 98 1
348
Table 8.11 The relationship between the head loss and the 
run age during fast and slow runs belonging to 
the experimental filter model. 
**********************************************
Run no. | a | b | df | F | P j
2 "Slow" I 1.18 I 4.28 I 1,22 | 445.6 J <0.001|
4 "Fast" I -5.95 | 6.75 | 1,8 | 479.1 | <0.001|
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Figure 8.1 The depth distribution of carbon ( n,ë/cm^ sand) and
chlorophyll-a (uâ/cirP sand) at the end of the runs in the 
experimental filter model.
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Figure 8*3 The time course of the areal densities of the interstitial 
bacteria, POC plus water temperature and head loss in run 4 
of the experimental filter model.
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9.1 Comparison of the protozoan faunas of clean-vater 
and used-water treatment systems.
Percolating filters and activated sludge are the two commonest 
biological processes used in vaste-vater treatment systems and in 
terms of their protozoan faunas are comparable with slow sand filters 
which are the main form of biological treatment for producing potable 
water. There is a major difference in the form of substrate in these 
three treatment systems. Percolating filters consist of large deep 
beds with pebbles or clinker 3-5 cm in diameter and with air spaces 
between; the settled sewage trickles down vertically over the surface 
of the pebbles which are covered by the complex biological community 
of bacteria, protozoans, worms and insects. In activated sludge, the 
only solid surfaces for bacteria and protozoans is the organic floe 
which is actively stirred or aerated to maintain aerobic conditions. 
On the other hand, the medium is entirely sand of a particular range 
of size of sand grains in the slow sand filters and the sand 
interstices occupy about 40% of the volume. The water passes 
vertically downwards through these water-filled interstices at about
2.5 times the approach velocity of either 20 cm/h or 40 cm/h. The 
available surface for bacterial attachment and protozoan communities 
is probably about 1000 times greater in slow sand filters than in 
percolating filters. At its maximum, a bacterial density of 0.5 
bacterium per um^ was recorded on the sand grains. Another major 
difference between the clean and waste water treatment systems is the 
level of particulate carbon loading. The concentration of particulate 
carbon in raw sewage is probably about 250-600 gC/m^, which is about
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100 times greater than the concentration of River Thames water (2.5
gC/m3) as it is pumped into the storage reservoirs and which is about
1000 times greater than the concentration of reservoir water (0.25 
gC/m3) passing onto the primary sand filters or microstrainers.
It is therefore of interest to compare the protozoan faunas that
inhabit these three different systems of biological decomposition of 
particulate organic matter. Curds (1975) has compiled a list of 
protozoan species reported to inhabit percolating filters and 
activated sludge; these have come from major lists published by Barker 
(1943), Calaway and Lackey (1962), Clay (1964), Curds (1969), Curds 
and Lackey (1970), Lackey (1925), Martin (1968) and Morishita (1968, 
1970). The species list for slow sand filters come from Lloyd (1974) 
and Galal (present work) for Ashford Common Treatment Works and 
Goddard (1980) 6 fcWi . it appears
that over 200 species of protozoans, including Hastigophora, Sarcodina 
and Ciliophora, have been reported in percolating filters and in 
activated sludge compared with a total of 62 species of Ciliophora and 
Sarcodina in slow sand filters.The numbers of species or genera of 
flagellates in slow sand filters is not known, but Goddard proved 
their presence in thousands per cm^ compared with her densities of 10s 
or 100s per cm3 of ciliates. By far the largest proportion of species 
belong to the Ciliophora: 53% of 216 species in percolating filters,
71% of 225 species in activated sludge and 95% of 62 species in slow 
sand filters. The composition of the different groups within the 
Ciliophora is more or less similar in the percolating filters and 
activated sludge, apart from the latter having twice as many 
peritrichs and three times as many suctorians (Curds, 1975), whereas 
all groups were represented by a half or less the number of species in 
slow sand filters. The predominance of peritrichs in activated sludge 
is very striking. The ratios of holotrichs: peritrichs:
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spirotrichs: suctorians were:- 29:14:11:5 in slow sand filters;
53:27:30:5 in percolating filters; 53:54:38:15 in activated sludge. 
The ratios of slow sand filter: percolating filter: activated sludge
were:- 29:53:53 for holotrichs; 14:27:54 for peritrichs; 11:30:38 for 
spirotrichs; 5:5:15 for suctorians. Goddard (1980) also recorded the 
presence of flagellates, in 1000s per cm3 compared with her densities 
of 10s or 100s per cm-3 of ciliates.
It was found that the three different treatment systems possessed 
some common species of ciliates, such as:- Litonotus fasciola, 
Cyclidium heptatrichum and Spathidium sp amongst the holotrichs; 
Vorticella campanula, V convallaria and Vaginicola sp amongst the 
peritrichs; Stylonichia mytilus and Tachysoma pellionella amongst the 
spirotrichs. Of the 29 species or genera of holotrich ciliates 
recorded in the slow sand filter beds of Ashford Common and Hampton, 
only 13 or 14 species of them were also recorded in the two used-water 
systems which implies some measure of distinctiveness amongst the slow 
sand filter holotrichs. A much higher proportion of the other ciliate 
groups is reported in all three systems.
Some form of succession of protozoan groups probably occurs in 
all three systems but is more clearly distinguishable in the sewage 
processes than in the slow sand filter. In activated sludge and in a 
small-scale sludge pilot plant. Curds (1966) reported that the 
flagellates were the first group of protozoans to be dominant; these 
were then replaced slowly by free-swimming ciliates, mostly 
holotrichs, and then by hypotrichs and finally by the attached 
peritrichs. There is, however, an overlap of different species 
belonging to the different groups in the different seasons. Goddard 
(1980) also recorded the flagellates as the first to appear and, 
amongst the ciliates, as early colonisers of the sand the 
hymenostomate holotrich Glaucoma sp, Cyclidium heptatrichum and
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Cinetochilum margaritaceum together with the spirotrichs, Tachysoma 
pellionella and Aspidisca costata. These are mostly small ciliates 
with a feeding apparatus enabling them to take suspended bacteria 
(Cinetochilum) or settled bacteria (Cyclidium and Glaucoma) or 
detrital floe material (Tachysoma and Aspidisca). A week later, 
Chilodonella sp appeared. Late colonisers were the peritrichs feeding 
on suspended bacteria, gymnostomaten holotrichs and the larger 
spirotrichs, Euplotes and Stylonychia. Thus, the late colonisers were 
larger in size and with a greater diversity of feeding types, 
filter-feeders, omnivores on flagellates, algae and small ciliates and 
carnivores.
In slow sand filters, ciliated protozoans were present throughout 
the different runs at different seasons, however, maximal densities of 
certain species were restricted to particular seasons, as can be seen 
in table 6 .4 . The maximal densities of Vorticella spp, Chilodonella 
sp and Litonotus spp appeared in spring, Tachysoma, Oxytricha, 
Euplotes, Stylonichia and Hemiophrys were dominant in the summer 
whereas Cinetochilum was the only predominant form during the autumn. 
Goddard (1980) also recorded that Chilodonella and Oxytricha were 
predominatly winter-spring ciliates, Tachysoma, Stentor and Litonotus 
were spring-summer forms, Cinetochilum, Vorticella and flagellates 
were summer forms whilst Cyclidium was the main species in autumn. 
Barker (1942) is the only author dealing with the seasonal occurrence 
of protozoans in used-water treatment systems, according to Curds 
(1975). According to this author, the protozoan populations of 
percolating filters were more constant and abundant during the spring 
and summer months but were more erratic and fewer in autumn and 
winter. Of the genera common to slow sand filters. Barker found that 
Chilodonella was found mainly in the winter months, Cyclidium and 
Cinetochilum in the spring, Litonotus in summer and Oxytricha in
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autumn. The common feature seems to be that a form of seasonality 
exists in both kinds of systems. Whether this is a true seasonality 
in response to the temperate seasons or is some response a variation 
in the input source is not known.
9.2 A comparison of the Protozoa of the slow sand filter beds at
Ashford Common and Hampton Works.
This section compares the findings from studies on the slow sand 
filter beds at Ashford Common by Lloyd (1974) and by the present 
author during 1985-86 and on beds at Hampton by Goddard (1980) during 
1976-77. In addition to the difference in the dates of these three 
studies, there are several other differences which might affect the 
results. One major difference between the two Treatment Works lies in 
the form of pre-treatment before the secondary sand filtration. In 
Ashford Common, the water from the reservoirs is subjected to
filtration through micro-strainers with a micromesh of 38-45 microns 
whereas at Hampton it is treated by passage through the coarse sand 
(diameter of about 0.7 mm) of the primary beds. According to Ridely 
(1967), the rapid sand or primary filter bed functions as a biological
unit whereas micro-straining is a physical process removing particles
according to its mesh dimensions and Bellinger (1968) has examined the 
numbers and size ranges of algae that are retained by or passed by 
micro-strainers. Another difference lies in the rates at which the 
slow sand filters were operated. All the research in the present 
study was carried out on beds run at the 'fast' rate of 0.4 m/h
whereas the earlier work of Lloyd (1974) compared 'slow' beds (0.15 
m/h) with 'fast' beds (0.45 m/h). Most of Goddard's (1980) studies 
were conducted on 'fast' beds run at 0.4 m/h but for one run she
compared her usual 'fast' bed with a 'slow' one (0.2 m/h) during a
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summer month. The source water supply was also different in the two 
works. At Ashford Common, beds were supplied with micro-strained 
water from Wraysbury Reservoir and Queen Mary Reservoir whereas the 
Hampton Works normally gets its water from Queen Elizabeth II 
Reservoir, sometimes with the addition of water from Queen Mary 
Reservoir. The planktonic algal growths were much lower in the two 
'jetted' reservoirs (Wraysbury and Queen Elizabeth II Reservoir) 
because of the imposed stirring regime whereas much larger crops grew 
in the shallower and unstirred Queen Mary Reservoir. Another 
difference existed in the porosity of the sand, which was 39.53% at 
Ashford Common and 38.81% at Hampton. We do not as yet know what the 
consequences of these differences are upon the biology of the 
receiving slow sand filter beds.
The total ciliate populations attained almost double the maximal 
densities at Ashford Common than in the Hampton beds. In beds run at 
0.4 m/h, the range of maximal densities was from 3000 to 8781 
individuals/cm3 at Ashford Common compared with a range of 846 to 4222 
individuals/cm3 recorded by Goddard (1980) at Hampton. Lloyd's (1974) 
method of sampling, which is described in chapter 1 , produces numbers 
of ciliates which are not comparable with the densities obtained from 
the core samplers used by Goddard (1980) and by the present author.
When the species composition, in terms of the numbers of species 
or genera belonging to the holotrichs, peritrichs and spirotrichs, are 
compared for the three studies, it is clear Chat the species 
composition is rather similar. The ratios for the studies by Lloyd: 
Goddard: Galal are:- 11:14:12 for holotrichs; 8:11:4 for peritrichs;
8:8:5 for spirotrichs. The holotrich ratios are most similar and the 
greatest differences are for the pertrichs and spirotrichs, with the 
1970s results for Ashford Common and Hampton Works being more similar 
than for the results of the 1980s Ashford Common study. Another way
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to compare the similarity or otherwise of the species composi^qn of
the ciliates recorded in the three studies is to look at which are the
commonest species found in each and to assess to what degree these
commoner species overlap. Thus, for example, the common ciliate
species which are recorded by all three authors are:-
Litonotus fasciola, Cyclidium heptatrichum. Glaucoma sp,Spathidium £p,
Oxytricha spp, Vaginicola sp, Vorticella campanula, V. convallaria,
Stylonichia mytilus and Tachysoma pellionella. Cinetochilum
margaritaceum and Chilodonella were two ciliates recorded abundantly
at Hampton in 1970s and at Ashford Common in the 1980s but not by
Lloyd (1974). On the other hand. Glaucoma sp was a common genus at
Hampton and Ashford Common (Lloyd,1974) but only rarely seen in the
present study. Each study records genera or species not reported by
the other authors. The full species list for Lloyd (1974) is
available in the text of chapter 1 and for Goddard (1980) in chapter
6 . What is the significance of these biological differences and how
they relate to the environmental differences outlined earlier has to
await some experimental studies on the eco-physiological
characteristics of the various common ciliates. A comparison of the
mean individual cell size of the ciliates was possible for Ashford
Common and Hampton (Goddard, 1980) and table 6.5 shows that the
ciliates were bigger in size at Ashford Common. Whether or not this
is related to food supply is difficult to determine. However, the
bacterial densities of the sand at Ashford Common were higher by two
to three orders of magnitude than those recorded by Goddard (1980) at
Hampton, despite the same techniques for sampling and bacterial
h
enumeration being employed. In Hampton, bacterial densities were 10
% 9
cell/cm3 compared with 10 - 10 c ells/cm3 at Ashford Common. Some of 
these differences may be associated with the differences in sand 
porosity. Some may be due to the differences in water source, since 
the water from Queen Mary Reservoir which supplies Ashford Common may
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have more than four to six times the carbon load of the water from 
Queen Elizabeth II Reservoir which was the main source for Hampton 
beds (Thames Water Authority, personal communication). Another 
possible cause for the higher sand bacterial densities obtained in the 
present works was the higher frequency vibration (40HZ) of the shaker 
employed, which may have been more efficiency at removing the bacteria 
from the sand grains.
9.3 A comparison of beds 14, 5 and 4 at Ashford Common 
Treatment Works.
One of the aims of the present study was to compare the effects 
of different levels of illumination by the sun upon the behaviour of 
the beds 14, 5 and 4 in terms of the development of concentrations of 
chlorophyll-a, particulate organic carbon, sand bacteria and the 
populations of different ciliate species. Bed 14 was kept totally 
unshaded and was the most intensively studied slow sand filter. Bed 
5, studied in the same year as bed 14, was to be wholly covered whilst 
bed 4, studied in the next year, was only partially shaded. The 
comparison between beds 5 and 4 was made valid by investigating two 
runs each during the same months of the year (July to September). In 
the event, there were considerable difficulties in achieving a 
complete cover of one of these beds in such a way that the cover could 
be readily uncovered for removal of the sampling cores. As has been 
described in chapter 2, despite the more or less complete covering of 
bed 5 from July to October 1985, the presence of algal strips growing 
on the sand surface of the bed shows that there were gaps between the 
longitudinal strips of the covering sheets which permitted the entry 
of sunlight. This was due to the sinking of portions of the 
unsupported sheets in the middle of the bed as well as due to wind
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action which, when strong, could move one sheet over the other,
sideways. Nevertheless, there is no doubt that the level of solar
radiation reaching bed 5  was very much less than in the unshaded bed 
14. However, no substantial differences were found between the 
unshaded bed 14 and the shaded bed 5 when their contemporaneous runs 
in 1985 were compared. On the other hand, the partially-shaded bed 4, 
run during the period August to October 1986, behaved completely
differently from beds 14 and 5 during the same months one year
earlier; this is shown in chapter 7. Table 7.1 shows that , during 
the summer runs of beds 14 and 5, the living biomasses formed a high 
proportion of the total particulate organic carbon at the beginning of 
the runs but that there was a change over to higher proportions of 
non-living mass towards the end of the runs. In bed 4, on the other
hand, the non-living mass formed the main bulk of the total POC
throughout all the run sampling dates.
Table 7.1 and figure 7.0(b) show that beds 14 and 5 were rather
similar in their percentage composition of the living biomasses and
contrasted markedly with the situation in bed 4. In all three beds,
the algivore Chilodonella sp made the highest contribution,
proportionally and numerically, amongst the ciliates, irrespective of
the differing situation regarding illumination. On the other hand,
the carnivorous ciliates contributed the least percentage by number of
all the ciliate feeding groups in bed 4 compared with the unshaded bed
14 and the shaded bed 5. Table 7.4 shows the ratio between bacteria
and bacterivorous ciliates in the three beds and it is clear that this
é
ratio was rather similar in beds 14 and 5 (with 2-3 10
6
bacteria/ciliate) but lower in bed 4 (1-2 10 bacteria/ciliate).
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It is difficult to attribute these differences shown by bed 4 
solely to the effect of partial shading since bed 5 was wholly shaded 
(apart from the strips of light) and this behaved similarly to the 
unshaded bed 14. There was no substantial difference in the water 
temperature, despite the different years of study, nor in the 
filtration rates applied to the beds. The most probable reason may 
lie in the nature of the water source. As can be seen in table 4.1, 
the levels of particulate organic carbon suspended in the top waters 
of beds 14 and 5 during 1985 was slightly higher (262 to 1081 jigC/L) 
compared with that in bed 4 (197 to 988 ^gC/L). On the other hand, 
there were marked differences in the levels of the top water 
chlorophyll-a. Table 4.6 shows that these ranged from 0.5 to 10.3 
uga/L in the top water of beds 14 and 5 during 1985 but were higher 
(1.5 to 18.6 juga/L) for bed 4 in 1986. Some information was also
available for the densities of bacteria suspended in the top water of
io
the beds. These ranged from 6 to 60 10 /ml during 1985 for beds 14 
and 5 compared with the lower values of 0.9 to 1.9 10^/ml for bed 4 in 
1986. In addition, there were differences in the way the time course 
for head loss developed. In all the runs studied for beds 14 and 5, 
head loss tended to increase gradually until it attained the 1 m 
difference between H-maximum and H-measured and it was only near the 
end of a run that head loss demonstrated an exponential increase. In 
run 8 of the partially-shaded bed 4, the head loss reached a head loss 
of more than 2 metres and still operated satisfactory. Only towards 
the end of its very long run did the head loss show a gradual 
decline down to 1.6 metres which it maintained until the end. The 
causes of this decline are not known.
It was possible to derive some values for the daily instantaneous 
rates of numerical increase for total ciliates and individual species 
for some period during most runs of beds 14, 5 and 4. These are
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treated in some detail in chapters 3 and 6. Table 3.7 shows that 
there were some differences between the three beds. The daily rates 
of increase for the total ciliate densities were higher (0.01 to 0.20 
per day) in the unshaded bed 14 than in either of the other shaded 
beds: 0.06 per day for the shaded bed 5 and 0.07 per day for the
partially-shaded bed 4. The daily rates for individual species or 
genera differed in different runs. During run 2 of bed 14 and run 8 
of bed 4, the daily rates were positive for all the ciliates for which 
rates could be derived. On the other hand, during the July to August 
runs of beds 14 and 4 (see appendix 6.2), most of the ciliates, which 
were mainly bacterivores, omnivores and algivores, showed negative 
rates. As explained earlier in chapter 6, the very high and positive 
rates for Hemiophrys and Litonotus in run 5 for bed 14 were
accompanied by negative rates for the other forms, as shown by the
value for the total ciliate populations.
A comparisor*' of the daily instantaneous rates of increase of the 
various ciliate populations in the three beds during the August to 
October period showed that these were in general higher in the 
unshaded bed 14 than in the less well illuminated beds 5 and 4, with 
the exception of the carnivorous Hemiophrys and Stylonichia. For the 
same period and in bed 14, the highest rates were recorded for 
Cyclidium (0.27 per day) amongst the bacterivores and for Euplotes 
(0.18 per day) amongst the omnivores. In bed 4, it was Hemiophrys
(0.16 per day) which attained the highest rate under these
partially-shaded conditions. It might be considered that these high 
rates during August to October might be associated with high 
temperature conditions but one of the striking results of this study 
is the degree of temperature independence shown by the daily rates of 
increase for both ciliates and bacterial populations. This has been 
established in Chapter 3 (table 3.7). V
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The relationship between ciliate cell size and their replication 
time offers another means for comparing the ciliate populations of the 
three slow sand filter beds. This relationship has been well studied 
for ciliate populations by Fenchel (1968) and Finlay (1977). Fenchel 
(1968) demonstrated that small ciliates had greater replication rates 
and, consequently, shorter doubling times than larger ciliates. He 
also found that all the ciliate species he measured had an increased 
cell size at lower temperatures whereas both Baldock et al (1980) and 
Finlay (1977) found the reverse situation in freshwater ciliates: 
their cell volumes were greater at lower temperatures. Field values 
for doubling time in hours and cell volumes in cubic microns were
available for some of the ciliate species living at 18'fc during run 4 
of bed 14. The values obtained for Cylidium, Cinetochilum and 
Chilodonella gave a good fit to a double-logarithmic relationship of 
the kind described by Fenchel (1968) whereas Hemiophrys quite
definitely did not. This is shown in figure 6.3. This seems to imply
that the relationship is applicable to bacterivorous and algivorous 
species of various body sizes but not to large-bodied carnivore. If 
this is so, and more evidence is required on this, then some 
information is also required on the availability of food for the 
different ciliate feeding groups, especially as most of the ciliates 
living in slow sand filters exhibited longer doubling times than those 
studied in pure culture systems, with plenty of available food. There 
is some information in the literature on the threshold food
concentrations for various ciliates. These come from Fenchel (1980) 
who calculated the minimum weight of food needed to cover the 
metabolic costs of ciliates of different cell volumes. His argument 
is complex and relies upon two relationships generated from published 
information, namely, (1) the relationship between maximal clearance 
rates at low food concentrations and ciliate cell volume and (2) the 
relationship between oxygen consumption and cell volume and an
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assumption that the respiratory quotient (carbon dioxide/oxygen) is 1.
Although the values Fenchel obtained for threshold food concentrations
needed to cover respiration showed a considerable amount of scatter,
neverthless, his calculations demonstrated that larger ciliates
feeding upon larger food particles (1-5 um) have rather low food
thresholds of less than 0.1 mg dry weight per litre whereas the
smaller ciliates specializing on the very small particles (0.2-1.0 um)
need much higher concentrations of suspended particles (0.1-10.0 mg
dry weight per litre). As Fenchel comments, bacterivorous ciliates
feeding on small particles are dependent for their survival upon the
é
presence of high concentrations of suspended bacteria of 10 cells/ml 
or more. Clearly, these speculations of Fenchel are relevant to the 
bacterivorous ciliate populations of slow sand filters.
When the field doubling time of different ciliate species are 
compared for different runs of bed 14 (table 6.5), some variation was 
found. Thus, for Cinetochilum had the same doubling time during the
months of May, August and October whereas the doubling time of
Cyclidium was shorter in October than from May to August and that of 
the Vorticella spp was shortest in August compared with any other 
time. Most of the carnivorous ciliates had their shortest doubling
time during the summer months and particularly in August.
Chilodonella showed a short doubling time of 83 hours in May which is 
probably a period of intensive algal growth in the top water. 
Omnivore species were more varied: Tachysoma shortest doubling time
of 98 hours occurred in October, Euploteg of 59 hours in May and 
Oxytricha (92 hours) in August. It seems that temperature is not a 
main environmental influence upon the ciliates and, in fact, their 
doubling times, like their rates of increase, are not significantly 
related to water temperature. This is despite the clear increases or 
decreases in the daily rates of some ciliate species which can be seen
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in runs 1-3 of bed 14 from May to August when the temperature
increased from 13 to 18 C or in runs 6-8 from August to October when 
the temperature decreased from 17 to 14.5 **C. The doubling times
calculated for the ciliate species in beds 5 and 4 were more or less
the same as those they exhibited in bed 14, apart from the two
carnivorous genera of Hemiophrys and Litonotus in bed 4, whose 
doubling times of 830 and 138 hours, respectively, were the longest 
record for them. The unfavourable conditions in bed 4 for these two 
carnivores, which this implies, may provide another explanation for 
the greater ciliate densities in that bed, namely, reduced levels of 
predation.
9.4 Phases during the time course of fjIter runs 
in beds 14, 5 and 4.
The sampling core system provided the possibility of sampling the 
various biologically important components of the slow sand filter 
community during the course of a run of a bed performing at its normal 
operational filtration rate. The manner in which the concentrations 
of particulate organic carbon, chlorophyll-a, bacteria and ciliates 
developed with time could be followed whilst head losses and actual 
filtration rates were monitored. It became clear as more and more 
runs were investigated that the performance of the beds during a run 
could be sub-divided into different time phases which were related to 
each other more or less sequentially. It seems possible to identify 
three or four different phases. The first phase lasts for only the 
first two to three days during which there is little measureable 
change in the non-living masses and living biomasses, although the 
bacterial densities attained their maximal densities by the end of the 
phase. Both head loss and filtration are less than maximal but slowly 
increasing. During this period, the Escherischia coli concentrations
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are monitored by plate counts of samples from the effluent water.
During the second phase, the bed performs optimally with maximal 
filtration rates (0.4 m/h) and only very slowly increasing head 
losses. It lasts from about day 4 to day 20 and it is the period of 
optimal conditions for ciliates. The third phase lasts from day 21 to 
day 40 with sub-optimal conditions for ciliates. In most cases, this 
is when the run ends, the bed is drained and the top 3 cm of surface 
sand is removed. In bed 4, however, which lasted up to 60 days, a 
fourth phase was recognised from day 40 to 59, when conditions
improved again for ciliates. It is now proposed to examine what 
happens during these phases to the particulate organic carbon,
chlorophyll-a, bacterial and ciliate densities.
Particulate organic carbon
The first phase was sampled on the first sampling dates of runs 
1, 2, 3 and 7 of bed 14 which were day 1 for runs 3 and 7 and days 5-7 
for runs 1 and 2. The particulate organic carbon concentration was 
low and uniformly distributed throughout all depths. A similar POC 
pattern was seen between days 1-5 in the shaded runs of bed 5 and 
partially-shaded runs of bed 4.
The second phase is characterised by considerable POC 
accumulation in the top 5 cm of sand and a slighter increase in the 
depths below 5 cm but uniformly with depth. This pattern can be seen 
in figure 4.2. In most runs of bed 14, the second phase lasted from 
day 5 to day 20. The same behavbiour was seen in the shaded runs of 
bed 5, but with larger accumulations of POC in the surface layers and 
somewhat lesser increase in the lower depths than in bed 14 but this 
phase lasted until the end of the runs of bed 5. In contrast, the 
second phase was somewhat different in the longest lasting run 8 of
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bed 4 in that it could be identified on days 12, 31 and 45 but with 
evidence of reduced surface POC concentrations occurring between these 
dates. These brief periods of reduced surface POC, which were seen in 
no other bed, seem to be correlated both with fluctuations in the 
filtration rates (described in an earlier section of this chapter) and 
with variations in the surface chlorophyll-a concentration. Figure
4.2 also shows that the POC concentration at the lower depths were
higher in bed 4 than in the other two beds.
Chlorophyll-a
The patterns of depth distribution of chlorophyll-a in the 
different phases of the various runs of bed 14, 5 and 4 are more or 
less similar to those just described for the phased depth 
distributions of the particulate organic carbon, although the 
chlorophyll-a is only contributing about 20% to the total POC as algal 
carbon. There are two main differences from the POC patterns. The 
surface sand increases in chlorophyll-a do not penetrate so deeply 
into the sand and tend to remain in the top 2 cm of sand and the
increased concentrations in the lower depths are much less. These
chlorophyll-a concentrations present in the depths of the sand must be 
surviving heterotrophically and, according to Bellinger (1979), must 
consist of either small algal species that can pass through the 
interstitial spaces or diatoms such as Nitzschia and Navicula which 
can penetrate by movement. As with POC, run 8 of bed 4 provides an 
exceptional pattern in developing an obvious surface avoidance in the 
chlorophyll-a depth distribution on days 20, 24 and 52.
Bacterial densities
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Run 1 of bed 14 was exceptional in several ways, largely because 
it was the first run of the bed after re-sanding. Its phase 1, 
showing a uniform depth distribution of sand bacteria, lasted a long 
time until day 26 and had lower densities of about one fifteenth of 
its phase 2 levels. Otherwise, a bacterial phase 1 situation could be 
identified for bed 14 on day 1 for run 3 and day 2 for runs 4, 5 and
6, for bed 5 on day 1 for the shaded run 6 and for bed 4 on days 3 and
4 for the partially-shaded runs 7 and 8. In all cases, sand bacterial 
densities were uniform at all depths and at concentrations that were a 
half to one fifth of the levels subsequently appearing in the second 
phase.
The second phase with noticeable surface accumulations in sand 
bacterial populations appeared obviously only after 33 days in run 2 
of bed 14 and then could be readily identified at ever earlier run 
ages in subsequent runs of bed 14, as the bed aged and 'matured'.
Thus the second phase for sand bacteria first became obvious on days
33, 19, 9 and 5 for runs 2, 3, 4 and 5, respectively. Figure 4.9(a)
shows that from these days onwards there occurred a more pronounced
increase in both the duration of the runs and in depths at which high 
bacterial densities appeared; this can be seen for runs 4, 5, 6 and 8 
of bed 14. The same pattern was found in the shaded runs of bed 5. 
As with POC and chlorophyll-a, bed 4 exhibited an exceptional pattern 
in its bacterial distribution during phase 2. The second phase for 
bed 4 did not last so long compared with beds 14 and 5 and was 
unchanging from day 11 to day 31, By day 38, there occurred a
reduction in the bacterial densities of the surface few cms after
which the surface densities increased again up to day 52. Such 
evidence of a bacterial surface 'avoidance' was rather rare and can be 
seen clearly only during run 7 of bed 14, run 6 of bed 5 and on day 20 
of run 8 in bed 4.
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Ciliate densities
In chapter 4, the depth distributions of the ciliated protozoans 
were divided into three phases for bed 14: the first in which they
were uniformly distributed with depth, a second in which surface 
accumulation took place and a third in which surface 'avoidance' was 
exhibited. Figure 4.10 shows that the ciliate depth distribution in 
bed 5 appeared in both phases 1 and 2 but the subsequent phase 3 was 
replaced by a more or less uniform depth distribution with lower 
densities than normally expected. On the other hand, the ciliate 
densities of the partially-shaded run 8 of bed 4 were higher at all
depths than those of beds 14 and 5. Bed 4 also showed a marked
difference from beds 14 and 5 in that, during its 8th run, the first 
phase on day 3 was followed by a phase in which accumulations of 
higher densities which appeared both in the surface sand at the lowest 
depths of 25-30 cms. This modified phase 2 in ciliate densities 
lasted until day 20, after which there occurred a reduction in ciliate
densities at all depths but the surface until day 38 and thus a return
to a typical phase 2 pattern.
The third phase in ciliate depth distribution could be divided 
into a preliminary stage of a uniform depth distribution or with a 
slight surface increased density which was a step towards the true 
phase 3 with its characteristic surface avoidance phenomenon.
When the maximal densities of individual ciliate species or 
genera were compared for the various runs of bed 14 in chapter 4 
(appendix 4.4; figure 4.12 to 4.20), it was noted that many species 
were able to express their highest densities in both phase 2 and 3, 
that is, either in the top layers of sand and in deeper layers thus 
exhibiting surface avoidance. There were, however, some genera, such 
as Vorticella, Tachysoma, Stylonichia and Hemiophrys, that appeared to
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be able to attain maximal densities on one or the other phase. It is 
therefore interesting to analyse when the different ciliate species 
belonging to the different feeding types developed abundant 
populations and in which time phase.
The bacterivorous ciliates such as Cinetochilum and Cyclidium 
were both able to produce maximal densities in October during a phase 
2 and in August during a phase 3 whereas the true filter-feeder, 
Vorticella, was an exceptional bacterivore in that it only appeared 
abundantly in the surface layers of sand (phase 2), mainly in May and 
June. The algivore Chilodonella which can also take bacteria, was 
maximally abundant in August and October during a second phase and 
again in May, during a third phase. Amongst the omnivorous ciliates, 
both Tachysoma and Stylonichia produced their highest densities only
during a second phase, the former during July and October and the
latter during May and July. Oxytricha and Euplotes, other omnivores, 
became very abundant in both phases. Oxytricha appeared in high 
densities during August when both phases existed whereas Euplotes 
produced large numbers in September (phase 2) and in July (phase 3). 
Of the true carnivores, Hemiophrys was only very abundant in the 
deeper layers of sand during the phase 3 situations of July and August 
whereas Litonotus was maximally abundant during a phase 2 in June and 
a phase 3 in May. These distributions and phased appearances of the 
different ciliate species are clearly very complex and are mostly the 
resultant of environmental factors and biological interactions. The 
food source is mostly abundantly available in the surface layers for 
bacterivores and algivores, and may be also for the carnivores,
whereas unfavourable environmental conditions such as reduced oxygen
concentrations will occur in sand depths where bacterial respiration 
is most intense. Lodge (1979) has shown that this occurs in the top 1 
cm sand depth and that there is a considerable reduction in the depths
371
between 2-5 cms. Moreover, we have no information on the extent to 
which there occurs a downward transport of ciliates in these 'fast' 
slow sand filter beds, operating at 0.4 m/h. Another factors shown by 
Lodge (1979) is that the meiofaunal populations begin to appear in 
substantial densities by phase 3 and also phase 4, here only seen in 
bed 4. The oligochaetes amongst the meiofauna are mainly detritivores 
which can probably help to keep the interstitial spaces clear of 
organic material until they, too, avoid the surface layers either 
because these spaces become clogged or because of reduced oxygen 
concentrations. Nematodes are sometimes present in abundant 
populations and probably compete with some of the grazing 
bacterivorous ciliates by browsing on the sand bacteria. Some of the 
predatory meiofauna (Catenula and harpacticoid copepod s) are capable 
of vertical migrations and may influence loss on the other meiofaunal 
species as well as on some of the ciliates.
Head loss and filtration rate
The results of Lodge (1979) and Goddard (1980) showed that the 
development of the populations of meiofauna and protozoans inhabiting 
slow sand filters of Hampton Works were in some way linked with the
r
changes occu^ing within the beds, as measured by head loss (m) and 
vertical flow or filtration rate (m/h). These two measures of bed
performance from the point of view of a water authority are
inter-linked and head loss produces an empirical measure of bed 
'resistance' to passage of water and is easily monitored daily. Both
measures show a sequence of phases during the time course of a run and
both beds 14 and 5 behave very similarly in their phasing.
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The usual situation is for the head loss to be low but 
fluctuating during the first few days of a run when the water flow 
rate is kept low whilst the water quality of the effluent water is 
tested bacteriologically. This is phase 1 which is followed by phase 
2, during which the water flow rate is rapidly increased during two or 
three days up to its maximal rate and then maintained at this level 
for as long as possible. During the whole of phase 2, the head loss 
shows a slow but gradual increase, lasting for about 10 to 12 days. 
Phase 3 starts, in these operational terms, when there begins a more 
rapid increase in head loss up to 1 metre and beyond which is 
accompanied by a sharp decline in the rate at which water is passed. 
This takes about 3-4 days after which the head loss increases more 
slowly from abut 2 to 3 metres whilst the water flow rate fluctuates 
about a low level. This continues at this inefficient performance 
until a decision is made to stop operation, drain the bed and remove 
the top 3 cms of sand for cleaning. Phase 3, therefore, may last for 
20 to 30 days from about day 12 or so in many of the runs of bed 14.
Duncan (1988) used the data from run 4 of bed 14 to demonstrate 
that the POC content of the sand and the bacterial, algal and 
protozoan biomasses (all means for the sand column down to 30 cm 
depth) all show an initial faster increase from days 1-12 (phases 1 
and 2) and a subsequent slower increase from days 12-22 (phase 3). 
These biological changes parallel the periods of slow and fast changes 
in head loss and the periods of high and low vertical flow rates. She 
also suggested that these two functional periods could also be 
distinguished by high and low input POC loadings, in terms of mgC per 
cm-^ per day, calculated from the daily water flows through the bed and 
the concentration of particulate organic matter in the inflowing 
water, both sets of data provided by Thames Water Authority. These 
relationships are illustrated in her figure 6 in Duncan (1988) which
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shows that the changeover from the initial sharp increase in input POC 
loading to a more reduced loading occurred at a head loss of about
0.64 metres. This relationship between input carbon loading, 
especially if cumulated with time, and head loss was not unique to the 
July run 4 in bed 14 at Ashford Common; it could also be shown for the 
May run 2 and the September run 7 which operated under different
climatic conditions and with different POC levels in the top water.
Run 8 of bed 4 demonj^trated a markedly different pattern as 
phase 3 was followed by a phase 4, during which there occurred a 
decline in head loss from 2.17 metres on day 44 to 1.50 metres on day 
59. The duration of the period when the head loss was less than 1 
metre normally ranged from 68-98% of the total run duration in beds 14 
and 5. It was somewhat shorter in bed 4 during its two experimental 
runs when the bed was partially covered (40% and 70% of the run 
duration). In beds 14 and 5, the duration of this period was 
significantly influenced by temperature, largely due to prolongation 
during cold weather when there is less biological activity. Such a 
temperature effect was not seen in bed 4 but the two runs studied 
occurred in late summer. Bed 4 was not performing efficiently during 
these two runs; it never attained the target flow rate of 0.4 m/h, as 
did both beds 14 and 5, and it filtered only 21-28 ML/day of water,
which was two-thirds of the daily water flow of beds 14 and 5
(30-36ML/day).
Run 8 of bed 4 never attained its target flow rate of 0.4 m/h 
and, in effect, it operated from day 10 to day 59 like a 'slow' slow 
sand filter bed at about 0.2 m/h. This provided the opportunity to 
compare the performance of bed 4 with that of bed 44 at Hampton Works 
run at 0.2 m/h and studied by Goddard (1980) during the month of 
October. Goddard found that the head loss of bed 44 increased at a 
more constant rate throughout the run when compared with most of the
374
fast runs of her bed 45 which was operated at 0.4 m/h and which showed 
the phases described above. However, the October run 6 of bed 45 was 
an exceptional fast run in that it too showed a constant rate of head
loss increase from day 5 to the end of the run on day 39 so that the
constant rate of head loss increase was probably due to some common 
factor in input conditions rather than a slow or fast filtration rate. 
The daily rates were instantaneous rather than linear and came to
0.031 per day for bed 44 and 0.018 per day for bed 45.
During the period in run 8 of bed 4 when the filtration rate remained 
more or less constant at o.2 m/h (figure 3.3), the rate of head loss 
increase was also constant, at 0.038 per day, from day 9 to day 39; 
that is, a similar response to Goddard's slow bed 44 in both in the
rates and the duration of the rates. The longer run duration of run
8, which was 59 days, was due to the onset of phase 4, with decreasing 
head losses. For some reason, the operation of this run was prolonged
by a further 20 days into a phase of performance not seen in any other
run.
Goddard found that the concentrations of the sand POC attained 
higher levels in the fast October run of bed 45 compared with the slow 
October run of bed 44; these were -depth-integrated values and the 
difference was largely due to the carbon levels in the top 1 cm of 
sand. The opposite result was found at Ashford Common as the
September 1986 run 8 of bed 4 reached levels of 23.61 mgC/cm2 compared
with 10.8 mgC/cmZ in the September run of bed 14. There were also 
differences in the level of maximal ciliate densities attained in the 
fast and slow beds. For most ciliate species, higher maximal
densities were found in the fast bed 14 compared with the slow bed 4
(appendix 4.4). There were, however, some genera such as 
Cinetochilum, Chilodonella, Cyclidium and Euplotes which had higher 
maximal densities in bed 4. At Hampton Works, all the studied ciliate
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species were more abundant in the fast bed 45. In both Works, the 
ciliate daily instantaneous rates of increase were greater in the fast 
beds, although again there were exceptions: Stylonichia and
Hemiophrys at Ashford Common and Cyclidium at Hampton produced faster 
rates in the slow beds.
9.5 Bacteria on sand grains
The scanning electron micrographs were useful in confirming that 
the coverage of sand grain surfaces by bacterial cells was greatest in 
the surface sand layers and declined with sand deprths, thus 
supporting the results on sand bacterial densities by cruder methods.
There was also a visual confirmation on the efficiency of shaking to
remove bacteria from the sand grains by shaking. It was interesting 
that the highest density calculated from the micrographs of small 
portions of the sand grain surfaces was 0.36 cells per j u m ^  at 1 cm
depth and that this declined to 0.12 cells/ym^ at 30 cm depth.
However, the micrographs show that such densities are not uniform over 
the sand grain surfaces because more bacteria occupy the crevices of 
the grain than on its exposed surfaces. The bacteria appear to attach 
themselves to the substratum by mucous secretions and thread-like 
muco-polysaccharides. A further point of interest revealed by 
electron microscopy is the presence of obligate anaerobic forms of 
bacteria in a sand filter that functions entirely aerobically.
9.6 The experimental sand column as a model slow sand filter
Comparison of the performance of the model filter with that of 
operational beds demonstrated that the model is operating at a lower 
level of biomass or at lower densities of the live components. The 
concentrations attained in the model were all lower than those 
measured in the real beds. This can be seen with particulate organic
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carbon (appendix 4.1 and table 8.1), chlorophyll-a (appendix 4.2 and 
table 8.2), with sand bacteria (appendix 4.3 and table 8.3) and 
ciliates (appendix 4.4 and table 8.4). Sometimes, the differences are 
large, for example, the bacterial densities of the sand were two to 
three orders of magnitude lower in the model compared with operational 
beds. Sometimes, the difference was only two to three times, as with 
ciliate densities. This lower level of performance of the 
experimental sand column can probably be attributed to two main 
causes. One was the absence of sunlight to which operational beds are 
exposed daily. The pilot filter model was operated in an outside 
laboratory with some temperature control but no sunlight although the 
upper top water was illuminated by artificial light. Another cause 
was the need to transport and to store for up to four or five days top 
water from operational beds. Although this water was continuously 
stirred to prevent sedimentation of particles, the absence of light 
would be unfavourable to algae and would considerably reduce the 
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Appendix 2.1 Numbers of ciliates counted in a fixed area 
(2.5 mm-) of the sedimentation chamber, 
extracted from replicate sand subsample
taken from 5 cm depth
|Run age
I
core Gin. Ghl. Gyc. Tac. Sty. Vor. Eup. Oxy.Tot. 1 
1
115 days A 28 328 180 43 21 3 19 21 553 1
1 23 271 210 55 34 13 6 16 628 1
1
1
19 361 153 39 17 0 21 30 640 1
1
1 B 53 290 182 116 41 17 25 11
_
735 1
1 70 350 153 154 19 11 53 19 829 1
1 47 341 198 131 17 11 61 7 813 1
1 ********************************************************** 1
117 days C 39 318 98 103 23 37 7 31 656 1
1 52 296 143 157 3 19 11 18 699 1
1
1
73 390 111 101 17 17 0 12 721 1
1
1 D 105 308 73 53 21 9 21 0
.
590 1
1 91 361 41 51 29 21 8 15 617 1
1 83 295 85 32 12 14 3 6 530 1
1 ********************************************************** 1
120 days E 84 252 79 98 0 31 1 19 564 1
1 71 303 61 69 1 53 0 41 599 1
1 98 294 29 129 0 49 4 43 646 1
1
1 F 73 191 79 84 9 45 16 19
_____
516 1
1 52 266 23 123 2 9 12 28 515 1
1 48 254 83 119 0 49 12 39 604 1
********************************************************** 1
122 days G 59 337 43 170 6 28 0 20 663 1
1 53 389 98 59 1 51 0 9 660 1
1
1
71 291 110 112 0 37 0 29 650 1
1
1 H 65 189 40 107 11 39 23 31 505 1
1 49 252 83 49 23 11 11 18 496 1
1 77 224 61 83 9 22 17 10 503 1
********************************************************** 1
124 days I 43 419 112 63 24 11 11 0 683 1
1 72 379 57 41 9 19 0 18 595 1
11
61 331 81 119 13 2 14 7 628 1
1
1 J 42 238 76 37 7 17 21 17
_____
455 1
1 61 286 43 54 1 9 17 0 471 1
1
1-------
37 250 81 83 15 11 9 12 498 1
Append! X 2-^ :
A2
numbers of ciliates counted in a fixed area of the 
sedimentation chamber and extracted from replicate? 







I Ci n . Chil . Cyc.
Speci es 
Tac. Sty. Vor. Eup. Dxy. Tot.
1 A 11. 46 2.52 2.26 1. 64 1.34 0.60 1.30 1.34 12.47
1 11.38 2.43 2.32 1.75 1.54 1. 15 0.83 1.23 12.65
1
1 1. 30 2.56 2. 19 1.59 1.26 0.00 1.34 1.48 11.75
1 B : 1.73 2.46 2.26 2.07 1.62 1.26 1.41 1.08 13.89
! 1 1.85 2.55 2. 19 2. 19 1.30 1.08 1.73 1.30 14. 19
1 1 1.67 2.53 2.30 2. 12 1.26 1.08 1.79 0.90 13.65
1 ***** 1 *****************************************************
1 C h 1. 60 2.50 2.00 2.02 1.38 1.58 0.90 1.51 13.49
! ; 1.72 2. 47 2. 16 2.20 0. 60 1. 30 1.08 1.28 12.81
1 1 1.87 
1 -
2.59 2.05 2.01 1.26 1.26 0.00 1.11 12. 15
1 D 12.03 2.49 1.87 1.73 1.34 1. 00 1.34 0.00 11. 80
1 1 1.96 2.96 1.62 1.72 1.48 1.34 0.95 1.20 12.83
1 1 1.92 2.47 1.93 1.52 1.11 1. 18 0.60 0.85 11.58 i
! ***** 1 ***************************************************** ;





2.47 1.48 2. 11 0. 00 1. 70 0.70 1.64 12.06 !
1 F ; 1.87 2.28 1.90 1.93 1.00 1.66 1.23 1.30 13.17 i
1 1.72 2.43 1.38 2.09 0.48 1.00 1.11 1.46 11.67 i
1 ! 1 .69 2.41 1.92 2.08 0.00 1. 70 1.11 1.60 12.50 I
i ***** 1*****************************************************Î
1 G 1 1.78 2.53 1.64 2.23 0.85 1.46 0.00 1.32 11.81 !
I 1 1.73 2.59 2. 00 1.78 0. 30 1.72 0.00 1.00 11.12 i
11
!
1 1.86 2.47 2.05 2.05 0. 00 1.58 0.00 1.48 11.49 !
{ H ; 1.82 2.28 1.61 2.03 1.08 1.60 1.38 1.51 13.31 !
1 ! 1.70 2.40 1.92 1.70 1.38 1. OS 1.08 1.28 12.54 1
1 1 1.89 2.35 1.79 1.92 1.00 1 .36 1.26 1.04 12.61 !
1 ***** 1*****************************************************1
Î I 1 1.64 2.62 2.05 1.81 1.40 1.08 1.08 0.00 11.68 !
I 1 1.86 2.60 1.76 1.62 1.00 1.30 0.00 1.28 11.42 !
1
1
1 1.79 2.52 1.91 2.08 1. 15 0.48 1.18 0.90 12.01 !
! J i 1.63 2.38 1.89 1.60 0.90 1.26 1.34 1.26 12.26 I
1 1 1.79 2.46 1-64 1.74 0.30 1. 00 1.26 0.00 10.19 Î
1 1 1.58 2.40 1.91 1.92 1. 20 1. 08 1.00 1.11 12.20 !
A3
Appendix 2,3 Variance and mean of different and total ciliates 





Gin. Ghl. Cyc. Tac. Sty. Vor. Eup. Oxy. Tot. 1
A X 23 320 181 46 24 5 15 22 607 1
S 20 2073 813 69 79 46 66 50 22231
B X 57 327 178 134 26 13 46 12 792 1
S 142 1047 520 366 177 12 357 37 25291
C X 55 335 117 120 14 24 6 20 692 1
S 294 2417 536 1009 105 121 31 94 10931
D X 93 321 66 45 21 15 11 7 579 1
S 124 1222 517 134 72 36 86 57 19831
E X 84 283 56 99 0.3 44 2 34 603 1
S 182 741 641 900 0.3 137 4 177 16931
F X 58 237 62 109 4 34 13 29 545 1
S 180 1623 1125 460 22 485 5 100 26111
G X 61 339 84 114 2 39 0 19 658 1
S 84 2404 1276 3082 10 134 0 100 46 1
H X 64 222 61 80 14 24 17 20 501 1
S 197 996 462 849 57 199 36 112 22 I
I X 59 376 83 74 15 11 8 8 635 1
S 214 1941 760 1617 60 72 54 82 19761
J X 47 258 67 58 8 12 16 10 474 1
S 160 624 426 541 49 17 37 76 472 I
N.B these values are approximated to the nearest number
A4
Appendix 2^j|| Variance and mean of different and total ciliates 

























































































































































































































Appendix 2-5 Summary of the two-way ANOVA of the transformed
data of the replicability of the ciliates (bed
14 at 5 cm depth,1985), using HP 85 stats.
programme.
******************************************
-ANOVA of 5 dates, 2 cores with 3 replicates:
Species Source of df SS MS F P
variation
Cin. Dates 4 0.3 0.1 9.6 0.001
Cores 1 0.0 0.0 4.8 0.05
Interaction 4 0.3 0.1 8.7 0.05
Residual 20 0.2 0.01
Total 29 0.8
Chil. Dates 4 0.1 0.0 3.9 0.025
Cores 1 0.1 0.1 17.0 0.001
Interaction 4 0.0 0.0 3.5 0.05
Residual 20 0.1 0.0
Total 29 0.2
Cyc. Dates 4 1.0 0.2 7.9 0.001
Cores 1 0.1 0.1 2.3 0.1
Interaction 4 0.1 0.0 0.6 0.75
Residual 20 0.6 0.0
Total 29 1.7
Tach. Dates 4 0.2 0.05 1.8 0.25
Cores 1 0.0 0.0 0.2 0.75
Interaction 4 0.6 0.2 7.2 0.001
Residual 20 0.4 0.0
Total 29 1.2
Styl. Dates 4 4.3 1.1 10.4 0.001
Cores 1 0.3 0.3 3.1 0.1
Interaction 4 1.1 0.3 2.7 0.1
Residual 20 2.1 0.1
Total 29 7.7
Vort. Dates 4 2.0 0.5 5.9 0.005
Cores 1 0.0 0.0 0.0 0.75
Interaction 4 0.7 0.2 2.1 0.25
Residual 20 1.7 0.1
Total 29 4.4
Eup. Dates 4 2.2 0.6 4.6 0.01
Cores 1 3.2 3.2 27.0 0.001
Interaction 4 0.8 0.2 1.8 0.25
Residual 20 2.4 0.1
Total 29 8.7
Oxy. Dates 4 1.9 0.5 3.0 0.05
Cores 1 0.2 0.2 1.4 0.25
Interaction 4 0.5 0.1 0.7 0.75
Residual 20 3.1 0.2
Total 29 5.7
Total Dates 4 0.0 0.0 13.8 0.001
Cores 1 0.0 0.0 26.6 0.001
Interaction 4 0.1 0.0 19.9 0.001
A6
Residual 20 0.0 0.0
Total 29 0.1
-ANOVA of 5 dates with 6 replicates:
Species Source of df SS MS F P
variation
Cin. Between dates 4 0.3 0.1 3.7 0.025
Within dates 5 0.1 0.0 0.6 0.75
Residual 20 0.4 0.0
Total 29 0.8
Chil. Between dates 4 0.1 0.0 2.9 0.05
Within dates 5 0.1 0.0 3.8 0.025
Residual 20 0.1 0.0
Total 29 0.2
Cyc. Between dates 4 1.0 0.2 9.0 0.001
Within dates 5 0.2 0.0 1.6 0.25
Residual 20 0.5 0.0
Total 29 1.7
Tach Between dates 4 0.2 0.0 0.8 0.75
Within dates 5 0.1 0.0 0.2 >0.75
Residual 20 1.0 0.1
Total 29 1.2
Styl. Between dates 4 4.3 1.1 7.7 0.001
Within dates 5 0.7 0.1 1.1 0.5
Residual 20 2.7 0.1
Total 29 7.7
Vort. Between dates 4 2.0 0.5 5.7 0.005
Within dates 5 0.7 0.1 1.5 0.25
Residual 20 1.8 0.1
Total 29 4.4
Eup. Between dates 4 2.2 0.6 3.9 0.025
Within dates 5 3.6 0.7 5.1 0.005
Residual 20 2.9 0.1
Total 29 8.7
Oxy. Between dates 4 1.9 0.5 2.7 0.1
Within dates 5 0.4 0.1 0.5 >0.75
Residual 20 3.4 0.2
Total 29 5.7
Total Between dates 4 0.0 0.0 2.9 0.05
Within dates 5 0.0 0.0 1.3 0.5
Residual 20 0.1 0.0
Total 29 0.1
-ANOVA of 10 cores with 3 replicates:
Species Source of df SS MS F P
variation
A7
Cin. Between cores 9 0.7 0.1 7.8 0.001
Within cores 2 0.0 0.0 0.0 >0.75
Residual 18 0.2 0.0
Total 29 0.8
Chil. Between cores 9 0.2 0.0 5.8 0.001
Within cores 2 0.0 0.0 2.2 0.25
Residual 18 0.1 0.0
Total 29 0.2
Cyc. Between cores 9 1.1 0.1 3.8 0.01
Within cores 2 0.0 0.0 0.5 0.75
Residual 18 0.6 0.0
Total 29 1.7
Tach. Between cores 9 0.8 0.1 3.9 0.01
Within cores 2 0.0 0.0 0.6 0.75
Residual 18 0.4 0.0
Total 29 1.2
Styl. Between cores 9 5.7 0.6 6.9 0.001
Within cores 2 0.4 0.2 2.2 0.25
Residual 18 1.6 0.1
Total 29 7.7
Vort. Between cores 9 2.7 0.3 3.5 0.025
Within cores 2 0.1 0.1 0.8 0.5
Residual 18 1.6 0.1
Total 29 4.4
Eup. Between cores 9 6.3 0.7 5.9 0.001
Within cores 2 0.2 0.1 1.0 0.5
Residual 18 2.1 0.1
Total 29 8.7
Oxy. Between cores 9 2.6 0.3 1.7 0.25
Within cores 2 0.1 0.1 0.3 0.75
Residual 18 3.0 0.2
Total 29 5.7
Total Between cores 9 0.1 0.0 0.0 0.001
Within cores 2 0.0 0.0 2.0 0.25
Residual 18 0.0 0.0
Total 29 0.1
-ANOVA of 2 groups, 5 cores with 3 replicates :
Species Source of df SS MS F P
variation
Cin. Groups 1 0.0 0.0 4.8 0.05
Cores 4 0.3 0.1 9.6 0.001
Interaction 4 0.3 0.1 8.7 0.001
Residual 20 0.2 0.0
Total 29 0.8
Chil. Groups 1 0.1 0.1 17.0 <0.001
Cores 4 0.1 0.0 3.9 0.025
Interaction 4 0.0 0.0 3.5 0.05
Residual 20 0.1 0.0
A8
Total 29 0.2
Cyc. Groups 1 0.1 0.1 2.3 0.25
Cores 4 1.0 0.2 7.9 <0.001
Interaction 4 0.1 0.0 0.6 0.75
Residual 20 0.6 0.0
Total 29 1.7
Tach. Groups 1 0.0 0.0 0.2 0.75
Cores 4 0.2 0.0 1.8 0.25
Interaction 4 0.6 0.2 7.2 <0.001
Residual 20 0.4 0.0
Total 29 1.2
Styl. Groups 1 0.3 0.3 3.1 0.1
Cores 4 4.3 1.1 10.4 0.001
Interaction 4 1.1 0.3 2.7 0.1
Residual 20 2.1 0.1
Total 29 7.7
Vort. Groups 1 0.0 0.0 0.0 0.75
Cores 4 2.0 0.5 5.9 0.005
Interaction 4 0.7 0.2 2.1 0.25
Residual 20 1.7 0.1
Total 29 4.4
Eup. Groups 1 3.3 3.3 27.0 >0.001
Cores 4 2.2 0.5 4.6 0.01
Interaction 4 0.8 0.2 1.8 0.25
Residual 20 2.4 0.1
Total 29 8.7
Oxy. Groups 1 0.2 0.2 1.4 0.25
Cores 4 1.9 0.5 3.0 0.05
Interaction 4 0.5 0.1 0.7 0.75
Residual 20 3.1 0.2
Total 29 5.7
Total Groups 1 2.4 2.4 6.6 0.025
Cores 4 7.1 1.8 4.9 0.01
Interaction 4 6.0 1.5 4.1 0.025
Residual 20 7.3 0.4
Total 29 22.9
-ANOVA of 2 groups and 15 replicates:
Species Source of df SS MS F P
variation
Cin. Between groups 1 0.0 0.0 1.5 0.75
Within groups 14 0.4 0.0 1.2 0.5
Residual 14 0.4 0.0
Total 29 0.8
Chil. Between groups 1 0.1 0.1 10.2 0.25
Within groups 14 0.1 0.0 1.1 0.5
Residual 14 0.1 0.0
Total 29 0.2
Cyc Between groups 1 0.1 0.1 2.8 0.5
A9
Within groups 14 1.3 0.1 3.7 0.01
Residual 14 0.3 0.0
Total 29 1.7
Tach. Between groups 1 0.0 0.0 0.1 >0.75
Within groups 14 0.5 0.0 0.7 0.75
Residual 14 0.7 0.1
Total 29 1.2
Styl. Between groups 1 0.3 0.3 2.0 0.75
Within groups 14 5.3 0.4 2.5 0.05
Residual 14 2.3 0.2
Total 29 7.7
Vort. Between groups 1 0.0 0.0 0.0 >0.75
Within groups 14 2.7 0.2 1.6 0.25
Residual 14 1.7 0.1
Total 29 4.4
Eup. Between groups 1 3.3 3.3 24.6 0.25
Within groups 14 3.6 0.3 1.9 0.25
Residual 14 1.8 0.1
Total 29 8.7
Oxy. Between groups 1 0.2 0.2 1.1 0.75
Within groups 14 2.5 0.2 0.8 0.75
Residual 14 3.0 0.2
Total 29 5.7
Total Between groups 1 2.4 2.4 3.9 0.5
Within groups 14 11.8 0.8 1.4 0.5
Residual 14 8.7 0.6
Total 29 22.9
Al O
Appendix 2. ^  Summary of the two-way ANOVA of the original 
data of bacteria (bed 14 at 5 cm depth,1985), 
usinng HP 85 stats programme. 
*********************************************
-ANOVA of 5 dates, 2 cores with 3 replicates:
Source of 
variation
df SS MS F P
Dates 4 0.3 0.1 4.8 <0.01
Cores 1 0.1 0.1 3.5 <0.05
Interaction 4 0.1 0.0 0.8 <0.75
Residual 20 0.3 0.0
Total 29 0.7
-ANOVA of 5 dates with 6 replicates:
Source of df SS MS F P
variation
Between dates 4 0.3 0.1 5.1 <0.01
Within dates 5 0.1 0.0 1.7 <0.25
Residual 20 0.3 0.0
Total 29 0.7
-ANOVA of 10 cores with 3 replicates:
Source of df SS MS F P
variation
Between cores 9 0.4 0.0 2.6 <0.05
Within cores 2 0.0 0.0 0.2 >0.75
Residual 18 0.3 0.0
Total 29 0.7
-ANOVA of 2 groups , 5 cores with 3 replicates:
Source of df SS MS F P
variation -
Groups 1 0.1 0.1 3.5 >0.05
Cores 4 0.3 0.1 4.8 >0.01
Interaction 4 0.1 0.0 0.8 >0.5
Residual 20 0.3 0.0
Total 29 0.7
-ANOVA of 2 groups and 15 replicates:
Source of df SS MS F P
variation
Between groups 1 0.1 0.1 4.1 >0.05
Within groups 14 0.5 0.0 2.6 <0.05
Residual 14 0.2 0.0
Total 29 0.7
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Appendix 2'"?Summary of the two-way ANOVA of the original 
data of POC (bed 14 at 5 cm depth,1985), 
using HP 85 stats, programme: 
********************************************
-ANOVA of 4 dates, 2 cores with 2 replicates:
Source of df SS MS F P
variation
Dates 3 0.3 0.1 26.3 >0.001
Cores 1 0.0 0.0 5.7 <0.05
Interaction 3 0.0 0.0 1.2 <0.5
Residual 8 0.0 0.0
Total 15 0.3
-ANOVA of 4 dates with 4 replicates:
Source of df SS MS F P
variation
Between dates 3 0.3 0.1 21.9 >0.001
Within dates 3 0.0 0.0 1.7 <0.25
Residual 9 0.0 0.0
Total 15 0.3
-ANOVA of 8 cores with 2 replicates:
Source of df SS MS F P
variation
Between cores 7 0.3 0.0 11.0 <0.001
Within cores 1 0.0 0.0 0.0 >0.75
Residual 7 0.0 0.0
Total 15 0.3
-ANOVA of 2 groups , 4 cores with 2 replicates :
Source of df SS MS F P
variation
Groups 1 0.0 0.0 5.7 0.05
Cores 3 0.3 0.1 26.3 >0.001
Interaction 3 0.0 0.0 1.2 <0.5
Residual 3 0.0 0.0
Total 15 0.3
-ANOVA of 2 groups and 8 replicates:
Source of df SS MS F P
variation
Between groups 1 0.0 0.0 8.4 >0.025
Within groups 7 0.3 0.0 18.1 >0.001
Residual 7 0.0 0.0
Total 15 0.3
A12
Appendix 2.% Summary of the two-way ANOVA of the original 
data of chlorophyll a (bed 14 at 5 cm depth, 
1985), using HP 85 stats, programme. 
********************************************
1] The first set of the data:
-ANOVA of 2 dates, 2 cores with 2 replicates:
Source of 
variation
df SS MS F P
Dates 1 0.4 0.4 105.2 <0.001
Cores 1 0.0 0.0 10.7 <0.01
Interaction 1 0.1 0.1 25.2 <0.01
Residual 4 0.0 0.0
Total 7 0.6
-ANOVA of 4 cores and 2 replicates;
Source of df SS MS F P
variation
Between cores 3 0.6 0.2 50.2 <0.005
Within cores 1 0.0 0.0 1.3 >0.25
Residual 3 0.0 0.0
Total 7 0.6
2] The second set of the data;
-ANOVA of 2 dates, 2 cores with 2 replicates:
Source of df SS MS F P
variation
Dates 1 52.9 52.9 25.8 <0.025
Cores 1 20.6 20.6 10.1 0.05
Interaction 1 1.6 1.6 0.8 >0.25
Residual 4 8.2 2.1
Total 7 83.3
-ANOVA of 4 cores and 2 replicates:
Source of df SS MS F P
variation
Between cores 3 75.1 25.0 18.1 <0.025
Within cores 1 4.1 4.1 2.9 >0.1
Residual 3 4.1 1.4
Total 7 83.3
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Appendix 2.9 Weight composition(percentage) of the different






 l/C^  Lii — ——— — —
j(cin) 4.00 
1_
2.00 1.00 0.500 0.250 0.125
_______
0.0631
|1 6.20 4.00 13.10 53.50 21.80 1.40
_______
0.0 1
|3 8.38 2.96 15.53 53.78 18.51 0.83 0.01 1
|5 7.17 3.91 19.89 56.95 10.70 1.38 0.0 1
110 7.13 3.35 12.40 51.16 22.32 3.59 0.05 1
|20 10.24 4.30 16.20 44.71 21.36 3.13 0.06 1
|30 8.10 5.41 12.20 42.03 29.38 2.83 0.04 1
|X 7.87 3.99 14.89 50.36 20.68 2.19
_______
0.03 1
I + + + + + + + + 1
|S.D 1.40 
1 -





1 7.87 11.86 26.75 77.11 97.79 99.98 100.0 1
Core B:
1 Mesh size 1
|U0pLn — — — — — —




jl 7.90 4.10 11.7 50.8 22.90 2.60 0.0 1
|3 7.74 2.80 15.87 55.44 16.85 1.30 0.0 1
|5 7.83 3.84 18.77 57.38 11.25 0.93 0.0 1
|10 6.89 3.01 14.10 51.61 20.46 3.84 0.10 1
|20 9.92 3.83 15.47 47.20 20.15 3.25 0.08 1
|30 8.75
1
5.44 13.07 43.80 24.52 4.36 0.06 1
|X 8.17 3.84 14.83 51.04 19.36 2.71
______
0.04 1
1 + + + + + + + + 1
js.D 1.04
1





1 8.17 12.01 26.84 77.88 97.24 99.95 100.0 1
Core C:
1 Mesh size(mm) 1
1 Depth-----
|(cm) 4.00 2.0 1.00 0.50 0.25 0.125
______
0.0631
jl 6.60 3.60 13.45 52.80 21.10 2.45
_
0.00 1
|3 5.86 2.74 15.75 55.56 18.84 1.25 0.00 1
|5 8.42 3.77 20.63 55.21 10.64 1.32 0.01 1
jlO 5.95 2.39 12.25 52.14 22.36 4.80 0.11 1
|20 7.96 3.16 15.87 47.72 22.05 3.17 0.07 1
|30 8.12
I
4.69 13.09 45.52 23.74 4.78 0.06 1
|X 7.15 3.38 15.17 51.49 19.79 2.96
______
0.04 1
1 + + 4- +  + + + + 1
js.D 1.15 0.81 3.05 4.06 4.77 1.59 0.05 1
A14
Cummulative composition








































































1 8.35 12.16 28.63 78.99 97.43 99.90




















































































appendix 3.1 Filtering rates, flow of water per day and 
head Josses of the filter beds at Ashford 
Common Wor k s. 
***************************************** 
1- The uncovered Bed 14,1985:
date durati on flow/day filtering rate normali sed





21.3 2 — — —
22.3 3 — — —
23.3 4 — — —
24.3 5 — — —
25.3 6 7.00 0. 09 0. 64
26.3 7 10.00 0. 13 0.45
27.3 8 12.00 0. 16 0. 37
28.3 , 9 12.00 0. 16 0.37
29. 3 10 12.00 0. 16 0.37
30. 3 11 12.00 0. 16 0. 37
31.3 12 12.00 0. 16 0.37
1.4 13 14.00 0. 19 0. 36
2.4 14 16.00 0.21 0. 34
3.4 15 27. 00 0. 36 0. 19
4.4 16 27. 00 0. 36 0. 19
5.4 17 27. 00 0.36 0. 19
6.4 18 27. 00 0. 36 0. 19
7. 4 19 27.00 0. 36 0. 19
8.4 20 27.00 0.36 0. 19
9. 4 21 27.00 0.36 0. 19
10.4 22 27.00 0. 36 0. 18
11.4 23 27.00 0.36 0.22
12. 4 24 27. 00 0. 36 0.22
13. 4 25 27.00 0. 36 0.22
14.4 26 27. 00 0. 36 0.22
15. 4 27 27.00 0.36 0.22
16. 4 28 27.00 0. 36 0.22
17.4 29 27.00 0. 36 0.22
18.4 30 27.00 0. 36 0.22
19. 4 31 27. 00 0. 36 0.22
, 20.4 32 27.00 0.36 0. 22
21. 4 33 27.00 0.36 0.21
22.4 34 19.60 0.26 1.01
23.4 35 12.90 0. 17 1.62
24.4 36 8. 10 0. 11 2.31
25.4 37 5.50 0.07 3.54
26.4 38 2.70 0.04 4.76





2. 5 2 - —
3. 5 3 - —
4.5 4 — —
5. 5 5 — —
6. 5 6 - —
7.5 7
Al 6
8.5 8 7. 10 0.09 0.27
9.5 9 11.10 0. 15 0.31
10. 5 10 13. 10 0. 17 0.71
11.5 11 23.60 0.31 0.39
12.5 12 24.20 0. 32 0.41
13.5 13 23.50 0.31 0.41
14.5 14 29.60 0.39 0. 46
15.5 15 29.80 0. 40 0.47
16.5 16 27.80 0.37 0.49
17.5 17 26.70 0. 36 0.51
18.5 18 27.00 0. 36 0. 55
19.5 19 28.40 0.38 0.54
20.5 20 26. 40 0. 35 0.56
21.5 21 30. 00 0. 40 0.57
22.5 22 28. 30 0.38 0.59
23.5 23 27.50 0.37 0.59
24.5 24 23. 70 0.32 0. 36
25.5 25 24. 70 0.33 0.64
26.5 26 26.40 0. 35 0. 65
27.5 27 24.80 0.33 0. 65
28.5 28 22.30 0. 30 0. 67
29.5 29 22.50 0. 30 0. 71
30.5 30 23.00 0.31 0 .66)
31.5 31 23.00 0. 31 0. 70
1.6 32 23.00 0.31 0. 73
2. 6 33 23.00 0.31 0. 78
3. 6 34 23.00 0.31 0. 77
4.6 35 23.00 0.31 0,82
5.6 36 23.00 0. 31 0. 88
6. 6 37 23.00 0.31 1.01
7.6 38 23.00 0-31 0. 95
8. 6 39 23. 00 0.31 0. 78
9.6 40 23.00 0.31 0.94
Third run:
12.6 1 - - -
13.6 2 - - -
14.6 11.80 0. 16 0. 35
15.6 4 11.40 0. 15 0. 35
16.6 5 11 . 80 0. 16 0. 35
17.6 6 21.30 0.28 0.39
18.6 7 28.80 0.38 0.46
19.6 8 29.60 0.39 0.49
20.6 9 30.80 0.41 0. 50
21.6 10 29.60 0.39 0. 50
22.6 11 29.60 0.39 0. 55
23.6 12 31.40 0.42 0.56
24. 6 13 31.70 0.42 0.57
25.6 14 29.80 0. 40 0.60
26.6 15 29.80 0. 40 0.61
27.6 16 29. 50 0.39 0.62
28.6 17 28.50 0.38 0.68
29.6 IB 27. 10 0. 36 0.72
30.6 19 23.90 0.32 1.00
1.7 20 15.30 0. 20 2.20
2.7 21 8.40 0. 11 4.33






8.50 0. 11 0.51
7.7 2 8.80 0. 12 0.39
8.7 3 13.80 0. 18 0. 38
9.7 4 18.00 0.24 0. 50
10.7 5 29.60 0.39 0.45
11.7 6 33. 40 0.45 0.49
12. 7 7 33. 50 0.45 0. 53
13.7 8 34.40 0.46 0.52
14.7 9 35. 10 0.47 0.57
15. 7 10 34.40 0.46 0.58
16.7 11 30.70 0.41 0.58
17. 7 12 28.40 0. 38 0. 64
18.7 13 23.80 0. 32 0.82
19.7 14 16.30 0.22 1.24
20. 7 15 13. 10 0. 17 2.01
21. 7 16 12.30 0. 16 2. 19
22. 7 17 12.90 0. 17 2.34
23.7 18 15.60 0.21 2.05
24.7 19 15.90 0.21 2.09
25.7 20 1 1. 60 0. 15 2.50
26.7 21 7.40 0. 10 3.29




1 7. 10 0. 09 0.48
1.8 2 10.80 0. 14 0. 40
2.8 . 3 18.60 0.25 0. 39
3.8 4 19.00 0.25 0. 39
4.8 5 18.70 0. 25 0. 42
5.8 6 23.40 0.31 0. 43
6.8 7 22.30 0. 30 0.46
7. 8 8 22.00 0.29 0.48
8.8 9 22.40 0. 30 0.51
9. 8 10 22.20 0. 30 0.54
10. 8 11 22. 30 0. 30 0.57
11.8 12 24. 10 0. 32 0. 62
12. 8 13 22. 60 0. 30 O. 66
13.8 14 22. 70 0- 30 0.72
14.8 15 21.80 0.29 0. 80
15.8 16 26.00 0.35 0.97
16.8 17 20. 70 0.28 1.34
17. 8 18 17. 10 0.23 2.34
18.8 19 8.30 0. 1 1 4.69




1 7. 10 0. 09 0.51
22.8 2 12. 10 0. 16 0.43
23.8 3 21. 10 0.28 0. 43
24.8 4 21.00 0.28 0.46
25.8 5 22. 00 0.29 0.47
26.8 6 21.80 0.29 0. 53
27.8 7 31. 00 0.41 0.64
28.8 8 29.50 0. 39 0. 71
29.8 9 29.90 0. 40 0.83
30.8 10 27.60 0.37 1.00
31.8 11 22.70 0. 30 1.54
1.9 12 14.90 0.20 2.43






7.20 0. 10 0.52
6.9 2 12.00 0. 16 0.42
7.9 3 21.60 0. 29 0. 40
8.9 4 28. 10 0. 37 0.45
9.9 . 5 29. 70 0.40 0. 48
10.9' 6 29. 10 0.39 0.49
11.9 7 30.80 0.41 0.54
12.9 8 27.50 0. 37 0. 55
13.9 9 26. 30 0. 35 0.58
14.9 10 23.80 0.32 0.58
15.9 11 23.50 0.31 0. 60
16.9 12 21.00 0. 28 0.65
17.9 13 19.50 0.26 0. 64
18.9 14 19.00 0.25 0.67
19.9 15 18.30 0.24 0.67
20.9 16 15.90 0.21 0.71
21.9 17 15.20 0. 20 0.69
22.9 18 14.30 0. 19 0.79
23.9 19 13.40 0. 18 1. 05
24.9 20 9.60 0. 13 1.29
25.9 21 9.70 0. 13 1.46
26.9 22 8.80 0. 12 1.55
27.9 23 8.40 0. 11 1.46




1 7. 10 0.09 0.48
2. 10 2 10.40 0. 14 MO
3. 10 3 23. 50 0.31 MO
4. 10 4 30. 00 0.40 MO
5. 10 5 29.70 0.40 MO
6. 10 6 30.60 0.41 MO
7. 10 7 32.20 0.43 0.52
8. 10 8 31. 10 0.41 0.41
9. 10 9 29.80 0.40 0.44
10. 10 10 29.90 0. 40 0.38
11.10 11 27.60 0. 37 0. 40
12. 10 12 24.70 0. 33 0.45
13. 10 13 25.40 0. 34 0. 44
14. 10 14 23. 80 0.32 0.47
15. 10 15 22. 10 0.29 0.51
16. 10 16 23. 10 0.31 0.49
17. 10 17 23.90 0.32 0.47
18.10 18 22. 30 0. 30 0.50
19. 10 19 21.70 0.29 0.52
20. 10 20 21.40 0.29 0. 52
21.10 21 19.80 0.26 MO
22. 10 22 19.00 0.25 MO
23. 10 23 17.20 0.23 MO
24.10 24 17.30 0.23 MO
25. 10 25 15.50 0.21 MO
26. 10 26 14.60 0. 19 MO
27. 10 27 15.00 0. 20 MO
28. 10 28 14. 10 0. 19 MO
29. 10 29 13.70 0. 18 MO
30. 10 30 14.20 0. 19 MO
31. 10 31 15.00 0. 20 MO
1.11 32 12.60 0. 17 MO






7-40 0. 10 MO
6. 11 2 11.70 0. 16 MO
7. 11 3 19.20 0.26 MO
8. 11 4 26.40 0. 35 MO
9. 11 5 27.70 0.37 MO
10. 11 6 26.70 0. 36 MO
11.11 7 28. 50 0.38 MO
12. 10 8 27.20 0.36 MO
13. 10 9 24.60 0. 33 MO
14.10 10 22. 30 0. 30 MO
15. 1 1 1 1 23.20 0.31 MO
16. 11 12 22. 80 0. 30 MO
17. 11 13 23. 10 0.31 MO
18. 1 1 14 24.70 0. 33 MO
19. 11 15 24.40 0. 33 MO
20. 11 16 23.80 0.32 MO
21.11 17 22.20 0. 30 HO
22. 1 1 18 21.20 0.28 M(]
23. 1 1 19 22. 00 0.29 MO
24.11 20 22.40 0. 30 MO
25. 1 1 21 23. 30 0. 31 MO
26. 1 1 22 23.40 0.31 MO
27. 1 1 23 23.40 0.31 MO
28. 1 1 24 23.70 0.32 MO
29. 1 1 25 22.60 0. 30 MO
30. 1 1 26 24 . 40 0.29 MO
1.12 27 24.20 0.32 MO
2. 12 28 22.50 0. 30 MO
3. 12 29 22.60 0. 30 MO
4.12 30 21.60 0.29 MO
5. 12 31 20.90 0.28 MO
6. 12 32 20. 50 0.27 MO
7. 12 33 18.80 0.25 MO
8. 12 34 20. 20 0.27 MO
9. 12 35 18.50 0.25 MO
10. 12 36 16.80 0.22 MO
11.12 37 16.30 0.22 MO
12. 12 38 15. 70 0.21 MO
13. 12 39 14.50 0. 19 MO




1 11. 70 0. 16 MO
18. 12 2 12.90 0. 17 MO
19. 12 3 19.20 0.26 MO
20. 12 4 19.30 0.26 MO
21. 12 5 19.70 0.26 MO
22. 12 6 18.80 0.25 MO
23. 12 7 26.60 0. 35 MO
24. 12 8 22.20 0.30 MO
25. 12 9 20. 50 0.27 MO
26. 12 10 21.00 0.28 MO
27. 12 11 20.00 0.27 MO
28. 12 12 20. 00 0.27 MO
29. 12 13 21.00 0.28 MO
30. 12 14 20. 50 0.27 MO
31. 12 15 22.50 0. 30 MO
1.1. 86 16 23.00 0.31 MO
2. 1. 86 17 22.40 0. 30 MO
A20
3.1.86 18 21.90 0.29 MO
4.1.86 19 20.80 0.28 MO
5.1.86 20 20.70 0.28 MO
6.1.86 21 20. 70 0.28 MO
7.1.86 22 19.20 0.26 MO
8.1.86 23 21.70 0.29 MO
9.1.86 24 21.50 0.29 MO
10.1.86 25 15.40 0.21 MO
11.1.86 26 15.30 0. 20 MO
12.1.86 27 14.60 0. 19 MO
A?1
Appendix 3.1 (cont.) 
********************
2-The covered Bed 5,1985:
date duration flow/day filtration rate normali sed




1 9.70 0.13 0. 05
7.3 .2 9.70 0.13 0. 05
8. 3 • 3 11.00 0.15 0. 05
9.3 4 11. 00 0. 15 0. 08
10.3 5 1 1. 00 0. 15 0. 04
11.3 6 9.50 0. 13 0. 05
12.3 7 10.00 0. 13 0.04
13.3 8 9.00 0. 12 0.05
14.3 9 16. 10 0.21 0.61
15.3 10 17.00 0.23 0.62
16.3 11 17.20 0.23 0.62
17.3 12 16.90 0. 23 0. 60
18.3 13 18.00 0.24 0.57
19.3 14 18.00 0.24 0. 58
20. 3 15 18.90 0.25 0. 55
21.3 16 18. 90 0. 25 0. 55
17 19.30 0. 26 0. 57
23. 3 18 19.60 0.26 0.56
24.3 19 19.80 0.26 0.57
25. 3 20 23.80 0.32 0. 50
26.3 21 22.00 0.29 0.54
27.3 22 27.30 0. 36 0. 55
28.3 23 24.90 0-33 0.54
29. 3 24 24.60 0. 33 0. 55
30. 3 25 25.50 0.34 0.59
31.3 26 25.50 0.34 0. 57
1.4 27 24. 60 0.33 0. 60
2.4 28 26.60 0. 35 0.56
3.4 29 24.20 0.32 0. 62
4.4 30 21.50 0.29 0. 65
5. 4 31 19.50 0.26 0.69
6.4 32 17.90 0.24 0.71
7.4 33 17.50 0.23 0. 77
8.4 34 19.30 0.26 0.79
9.4 35 17.90 0.24 0.86
10.4 36 20.50 0.27 0.90
11.4 37 17.30 0.23 1. 09
12.4 38 15.30 0.20 1.22
13.4 39 14.20 0. 19 1. 47




1 8.50 0. 1 1 0.69
17.4 2 12.90 0. 17 0. 52
18.4 3 23.00 0.31 0.46
19.4 4 28.60 0.38 0.45
20.4 5 27.80 0.37 0.45
21.4 6 29.00 0.39 0.45
22. 4 7 29.00 0.39 0.46
23.4 8 29.00 0.39 0.48
24.4 9 30. 10 0. 40 0.49
25.4 10 28.40 0. 38 0. 48
26.4 11 28.50 0.38 0.51
27.4 12
A22
28.20 0.38 0. 53
28.4 13 29.00 0.39 0.54
29.4 14 29.50 0.39 0.54
30.4 15 29. 10 0.39 0.57
1.5 16 30.70 0.41 0.59
2.5 17 31.00 0.41 0.62
3.5 18 27.40 0.37 0.64
4.5 19 25.80 0.34 0.67
5.5 20 27.30 0. 36 0.71
6.5 21 •’ 28.20 0.38 0. 80
7.5 22 24.80 0. 33 0.96
8.5 23 30.50 0.41 0.89
9.5 24 15.30 0.20 1.81




1 7.00 0.09 0. 17
14.5 2 14. 10 0. 19 0. 17
15.5, 3 20.60 0.27 0.37
16.5 4 30.20 0. 40 0.41
1 7. 5 5 30.20 0.40 0.40
18.5 6 30.40 0.41 0. 42
19.5 7 31.20 0. 42 0. 43
20.5 8 30. 10 0.40 0. 43
21.5 9 33. 00 0.44 0. 45
2 2. 5 10 31. 30 0.42 0.46
23.5 11 29.30 0.39 0.51
24.5 12 26. 60 0. 35 0. 55
25. 5 13 27.40 0. 37 0. 58
26. 5 14 29.20 0.39 0. 59
27. 5 15 27.80 0.37 0. 59
28. 5 16 25.40 0.34 0. 65
29.5 17 25.20 0. 34 0. 77
30.5 18 22. 10 0. 29 0. 89
31.5 19 21.70 0.29 1. 03
1.6 20 19.80 0.26 1.14
2. 6 21 19.40 0.26 1. 33
3. 6 22 14. 50 0. 19 1 .52
4.6 23 15.30 0. 20 1 .53
5.6 24 21. 80 0. 29 1 . 03
6.6 25 33. 40 0.45 0. 80
/ . 6 26 31. 40 0. 42 0. 66
8.6 27 30. 60 0.41 0. 37
fourth run :
14.6 1 10.80 0. 14 0.28
15.6 2 11. 70 0. 16 0.28
16.6 3 12.30 0. 16 0. 29
17.6 4 22.50 0. 30 0. 33
18.6 5 30. 80 0.41 0. 39
19.6 6 31 . 50 0-42 0. 4 1
20. 6 7 33.20 0.44 0.41
21 . 6 8 32.10 0.43 0. 4 1
22.6 9 33. 30 0.44 0. 42
23. 4 10 35. 10 0. 47 0.43
24. 6 1 1 35. 1 0 0.4 7 0. 48
25.6 12 35. 90 0.48 0. 48
26. 6 13 37. 10 0. 49 0. 50
27.6 14 35.00 0. 4 7 0.51
28.6 15 33. 50 0.45 0. 55
29.6 16
A23
32. 70 0.44 0. 56
30. 6 17 29. 80 0. 40 0. 83
1 . 7 18 14.90 0.20 2.31
2. 7 19 6.20 0. 08 5. 64
3. 7 20 3.80 0.05 9.45
4. 7 21 2.20 0. 03 12.92
5. 7 22 2. 50 0. 03 10. 1 1
6. 7 23 2.20 0. 03 7.27
fifir,
J5. 7
un .(shaded) : 
1 13. 40 0. 18 0. 30
16. 7 2 24. 20 0. 32 0. 14
1 7. 7 3 22.50 0. 30 0. 36
IB.7 4 19. 70 0.26 0. 38
19.7 5 17.60 0.23 0. 39
20. 7 6 19.20 0.26 0. 4 1
21.7 7 19.00 0.25 0. 42
22.7 8 20. 00 0.27 0. 44
23.7 9 20. 70 0.28 0. 46
24.7 10 20. 60 0.27 0. 51
25. 7 1 1 28.60 0. 38 0. 57
26. 7 12 26. 40 0. 35 0. 65
27.7 13 26.00 0. 35 0. 68
28. 7 14 25.90 0. 35 0. 72
29.8 15 1 6. 90 0.23 0. 82
30.8 1 6 21. 50 0.29 0. 83
31.8 1 7 20.00 0. 27 0. 90
1 .8 18 19.70 0.26 0. 96
2.8 19 17.40 0.23 1.12
3.8 20 16.30 0.22 1. 24
4.8 21 16. 40 0. 22 1 . 30
5.8 22 13.00 0. 17 1. 53
6.8 23 1 1 . 90 0. 16 1 . 65
7.8 24 10.50 0. 14 1 .81
8.8 25 9. 30 0. 12 1 . 96
9.8 26 8.30 0. 11 2. 18





14.8 2 - __ _
15. 8 3 - —
16.8 4 — _
17.8 5 —
18.8 6 — — «.
19.8 7 - -
20.8 8 8. 00 0. 11 0. 28
21.8 9 12.90 0. 17 0. 28
22.8 10 23.20 0. 31 0. 39
23.8 1 1 29. 70 0.40 0.45
24. 8 12 28.00 0.37 0. 1
25.8 13 28. 1 0 0. 37 0.62
26.8 14 26.80 0.36 0.80
27.8 15 27.50 0. 37 1 . 05
28. 8 16 21 . 70 0.29 1.46
29.8 1 7 11.40 0. 15 2.85
30. 8 18 8. 10 0. 1 1 4.34
31.8 19 5.80 0.08 6. 45
1.9 20 4. 30 0. 06 8.52
2.9 21 4. 90 0. 07 7. 20







6.80 0. 09 0.44
7.9 2 11.80 0. 16 0.30
8.9 3 20.90 0.28 0. 31
9.9 4 31.20 0. 42 0. 36
10.9 5 29.90 0. 40 0. 37
11.9 6 29.70 0. 40 0.37
12.9 7 25.90 0. 35 0. 36
13.9 8 25.50 0.34 0.36
14.9 9 23.40 0.31 0.37
15.9 10 23.50 0.31 0. 38
16.9 1 1 22.00 0.29 0. 39
17.9 12 20. 00 0.27 0. 40
18.9 13 20.30 0.27 0. 4 1
19.9 14 21. 40 0.29 0.43
20.9 15 19.30 0.26 0. 43
21.9 16 18.20 0.24 0.
22.9 17 18.40 0.25 0. 4 c>
23.9 18 18.90 0.25 0.50
24.9 19 19.20 0.26 0. 48
25. 9 20 20. 10 0. 27 0. 51
26.9 21 20.70 0.28 0. 52
27.9 22 1 8.00 0.24 0. 52
28. 9 23 18.80 0.25 0.53
29.9 24 20. 20 0.27 0. 57
30. 9 25 21.50 0.29 0. 60
1 . 10 26 23. 10 0. 31 0. 62
2. 10 27 24.30 0.32 0. 62
3, 10 28 24. 80 0. 33 0. 68
4. 10 29 24.30 0.32 0. 72
5. 10 30 23. 60 0.31 0. 7 9
6. 10 31 25.20 0.34 0. 78
7. 10 32 24.30 0.32 0.82
8. 10 23. 40 0.31 0. 85
9. 10 34 20. 80 0.28 0. 92
10. 10 35 22.30 0. 30 0. 92
1 1 . 10 36 20.60 0.27 0. 93
12. 10 37 18.70 0. 25 0.97
13. 10 38 18.90 0.25 O. 94
14. 10 39 17.30 0.23 0. 96
15. 10 40 13.40 0. 18 0.96
16.10 41 14.30 0. 19 0. 89
17. 10 42 16.40 0. 22 0.88
18. 10 43 15.70 0.21 0. 90
19. 10 44 15.80 0.21 0. 93
20. 10 45 17- 10 0.23 0. 95




1 7.90 0. 11 0. 36
24. 10 2 13.00 0. 17 0. 30
25. 10 3 23.60 0.31 0.34
26. 10 4 23. 00 0.31 0.34
27. 10 5 23.20 0.31 0. 35
28. 10 6 32.00 0.43 0.41
29. 10 7 32. 70 0.44 0. 43
30. 10 8 32.60 0.43 0. 45
31.10 9 35. 40 0.47 0.46
• 1.11 10 31.60 0.42 0. 4 4
2. 11 1 1 30. 10 0.40 0.48
3. 11 12 30.90 0.41 0. 50
A25
4. 1 1 13 29.60 0. 39 0. 52
5. 11 14 28. 00 0. 37 0.54
6. 11 15 28.70 0. 38 0. 55
7. 11 16 27.30 0.36 0.59
8. 11 17 27.00 0. 36 0. 59
9. 11 18 27.40 0.37 0. 64
10. 1 1 19 26.50 0. 35 0. 68
11.11 20 27.60 0. 37 0. 72
12. 11 21 25.50 0. 34 0. 76
13. 1 1 22. 23.30 0.31 0.59
14. 11 23 21.90 0.29 0. 81
15. 1 1 24 22. 80 0. 30 0. 85
16. 11 25 22.50 0.30 0.90
17. 1 1 26 23.70 0. 32 0.92
18. 1 1 27 21.60 0.29 1 .07
19. 1 1 28 21 . 10 0.28 1.13
20. 1 1 29 20.40 0.27 1 .21
21.11 30 15. 70 0.21 1 . '2* t.
22. 11 31 15.90 0.21 1 . 39
23. 1 1 32 15.90 0.21 1.51
24.4 1 15.90 0.21 1 . 60
25. 11 34 13. 70 0. 18 1.74
ni nth run :
28. 11 1 7.20 0. 10 0. 46
29. 1 1 2 12.00 0. 16 0. 37
30. 1 1 3 12.80 0. 17
1. 12 4 13.30 0.18 0. 36
2. 12 5 21.00 0. 28 0. 4 1
3, 12 6 33. 90 0. 45 0.47
4. 12 7 34.00 0.45 0. 49
5. 12 8 32.40 0. 43 0. 50
6.12 9 33. 00 0.44 0. 50
7. 1 2 10 31.20 0. 42 0. 54
8. 12 11 34. 10 0. 45 0. 54
9. 12 12 33. 50 0.45 0. 57
10. 12 13 31. 20 0.42 0.57
11.12 14 33. 30 0.44 0. 59
12. 12 15 32. 60 0.43 0.61
13. 12 16 30. 90 0.41 0.61
14. 12 17 31.80 0.42 0. 64
15. 12 18 32.40 0.43 0.63
16. 12 19 31.00 0.41 0 . 66
17. 12 20 29.40 0. 39 0. 69
18.12 21 31.50 0.42 0. 70
19. 12 22 28.90 0.39 0. 72
20. 12 23 29.40 0. 39 0.73
21. 12 24 30.50 0.41 0.78
22. 12 25 27.90 0. 37 0. 80
23. 12 26 25.50 0.34 0. 84
24. 12 27 22.80 0. 30 0. 85
25. 12 28 20. 10 0.27 0.88
26. 12 29 20. 60 0.27 0.91
27. 12 30 20. 10 0.27 0.92
28. 12 31 20.20 0.27 1 . 00
29. 12 32 20.90 0.28 1.02
30. 12 20.80 0.28 1. 07
31.12 34 23.50 0.31 1.09
A26
Appendix 3.1 <cont). 
********************
3— The partially covered Bed 4,1986:
date durât ion f1ow/day filtering rate normali sed
of run (ML/d) (meter/hour) headloss <m>
third run: 
5.4 1 8.20 0. 11 O. 98
6.4 2 9. 00 0. 12 0.83
7.4 3 13.00 0. 17 0. 63
8.4 4 12.90 0. 17 0 . 66
9.4 5 22.70 0.30 0.72
10.4 6 27.40 0.37 0.81
11.4 7 30.80 0.41 0. 80
12.4 8 30. 40 0.41 0.84
13. 4 9 33. 10 0.44 0. 85
14.4 10 32.00 0.43 0. 89
15.4 11 27.00 0. 36 0.88
16.4, 12 23.70 0.32 0. 88
17.4 13 21 . 90 0.29 0. 92
18. 4 14 22.30 0. 30 0.93
19.4 15 24.00 0. 32 0. 95
20. 4 16 22.90 0.31 1 . 05
21 . 4 17 18.90 0.25 1 . 16
22. 4 IB 23.90 0. 32 1. 20
23. 4 19 22. 40 0. 30 1.31
24.4 20 20. 90 0.28 1 . 48
25.4 21 17.80 0.24 1 . 67
26.4 22 16.90 0. 23 1.94
27.4 23 13.00 0. 17 2.67
28.4 24 9. 00 0. 12 3. 79
29. 4 25 8.10 0. 1 1 4. 52
30.4 26 4.30 0. 06 7.06




1 10. 70 0. 14 0.87
5.5 2 22. 10 0.29 1. 01
6.5 3 24.70 0. 33 0.90
7.5 4 26.90 0. 36 0.88
8.5 5 29.00 0.39 0. 88
9.5 6 28.20 0. 38 0.99
10.5 7 27.30 0.36 1. 00
11.5 8 24. 70 0. 33 1.21
12.5 9 22.60 0. 30 1 . 40
13.5 10 18. 80 0.25 1.79
14.5 1 1 14.40 0. 19 2.54
15.5 12 9.60 0. 13 3.41
16.5 13 5.70 0. 08 4.99
17.5 14 1. 30 0. 02 14.96
fifth run: 
19.5 1 9.90 0. 13 0.85
20.5 2 20. 30 0.27 0.80
21.5 3 28.20 0.38 0.71
22.5 4 28. 80 0. 38 0. 66
23.5 5 26. 30 0. 35 0 . 67
24.5 6 21.80 0.29 0. 73
25.5 7 24.50 0. 33 0. 65
A27
26.5 8 26. 10 0. 35 0. 66
27.5 9 21.30 0.28 0.67
28.5 10 21.50 0.29 0. 70
29.5 11 21.20 0.28 0.72
30.5 12 19.20 0.26 0. 72
31.5 13 18.70 0.25 0.71
1.6 14 17.90 0.24 0. 74
2. 6 15 17.40 0.23 0. 76
3.6 19.00 0. 25 0. 82
4.6 17- 21.00 0. 28 0. 88
5. 6 18 20. 60 0.27 0. 99
6.6 19 20. 30 0.27 1. 02
7. 6 20 18. 10 0.24 1.17
8. 6 21 18. 80 0.25 1 .23
9.6 22 17. 00 0.23 1. 30
10. 6 23 16. 80 0.22 1. 36
11.6 24 16.00 0.21 1 . 47
12.6 25 15.00 0. 20 1 . 46
13.6 26 15.50 0.21 1.51
14.^ 6 27 14.40 0. 19 1 . 55
15.6 28 15.20 0. 20 1 . 67
16.6 29 13.60 0. 18 1. 63
17.6 30 11.40 0. 15 1.61
18. 6 31 13.00 0. 17 1 . 61
sixth run :
20.6 1 10.90 0. 15 0. 70
21.6 2 19.40 0. 26 0. 62
22.6 3 27.00 0. 36 0.57
23.6 4 26. 00 0. 35 0.58
24.6 5 23.90 0.32 0. 56
25.6 6 25.00 0. 33 0. 56
26.6 7 25. 00 0. 33 0. 59
27.6 8 26. 10 0. 35 0. 61
28.6 9 25. 80 0.34 0. 63
29. 6 10 24.90 0. 33 0. 65
30. 6 11 25.50 0.34 0.68
1. 7 12 24.60 0. 33 0. 72
2. 7 13 24.90 0. 33 (.). 74
3. 7 14 24.20 0. 32 0. 75
4.7 15 25.30 0.34 0.80
5. 7 16 25.30 0.34 0. 80
6.7 17 24.50 0. 33 0. 86
7.7 18 24.30 0- 32 0.94
8.7 19 24. 00 0. 32 1. 09
9.7 20 21.00 0.28 1.52
10.7 21 15. 10 0. 20 2.34
11.7 22 12.50 0. 17 2. 82
12.7 23 12.30 0. 16 2.86
13.7 24 10.30 0. 14 3. 05
14.7 25 10. 10 0. 13 2.84
15.7 26 9.40 0. 13 2. 70
16.7 27 8.70 0.12 2.87
17.7 28 8. 60 0. 11 2.77
18.7 29 9.60 0. 13 2.38
19.7 30 9.80 0. 13 2.08
20.7 31 10.20 0. 14 2. 13
21.7 32 3.30 0. 04 4.03
A28
seventh run (partially shaded):
24.7 1 11.40 0. 15 .60
25.7 2 12.90 0. 17 0.39
26.7 3 14.20 0. 19 0.38
27.7 4 13.10 0. 17 0.37
28.7. 5 19.70 0.26 0. 46
29.7 6 24.30 0. 32 0. 50
30. 7 7 22.20 0. 30 0. 53
31.7 8 21.90 0.29 0.56
1.8 9 21. 80 0.29 0.58
2.8 10 22.60 0.30 0. 60
3.8 11 22.20 0. 30 0. 64
4.8 12 21.80 0.29 0.72
5.8 13 20.50 0.27 0. 77
6.8 14 18.20 0.24 0. 94
7.8 15 13.40 0. 18 1.62
8.8 16 7.50 0. 10 3.77
9.8 17 5. 50 0.07 5. 33
10.8 18 4.90 0. 07 5.86
11.8 19 6. 10 0.08 4.95
12.8 20 5.70 0.08 5.38
ei ghth run (partially shaded):
15.8 1 10.00 0. 13 0. 48
16.8 . 2 10. 10 0. 13 0. 34
17.8 3 10.00 0. 13 0.27
18.8 4 19.30 0.26 0.29
19.8 5 27.20 0. 36 0. 49
20.8 6 27.40 0. 37 0.49
21.8 7 26.80 0. 36 0. 50
22.8 8 24. 50 0. 33 0.49
23.8 9 20.50 0.27 0. 49
24.8 10 18.40 0.25 0.48
25. 8 11 20.50 0.27 0.51
26.8 12 17.70 0.24 0. 52
27.8 13 18.20 0.24 0. 53
28.8 14 18. 70 0.25 0.59
29. 8 15 17.90 0.24 0. 64
30.8 16 15.60 0.21 0. 71
31.8 17 15.20 0. 20 0. 74
1.9 18 14.90 0. 20 0. 76
2. 9 19 13.40 0. 18 0. 78
3.9 20 13. 70 0. 18 0. 85
4.9 21 13.40 0. 18 0. 90
5.9 22 13.90 0. 19 0. 90
6.9 23 13.00 0. 17 0.99
7.9 24 12. 40 0. 17 1 . 07
8.9 25 12.00 0. 16 1 . 06
9.9 26 11. 50 0. 15 1 . 09
10.9 27 12.60 0. 17 1 . 07
11.9 28 13.20 0. 18 1 . 10
12.9 29 12.90 0. 17 1. 12
13.9 30 11.10 0. 15 1. 20
14.9 31 12.00 0. 16 1.21
15.9 32 1 1. 50 0. 15 1.29
16.9 33 12.30 0. 16 1.39
17.9 34 12.60 0. 17 1.51
18.9 35 12.60 0. 17 1 . 63
19.9 36 12.20 0. 16 1. 73
20.9 37 12.00 0. 16 1 .84
21.9 38 12.20 0. 16 1.94
22.9 39
A29 
11. 90 0. 16 1 . 96
23.9 40 11.20 0. 15 1.95
24.9 41 11. 40 0. 15 1.99
25.9 42 11.70 0. 16 2.03
26.9 43 12.40 0. 17 2.00
27.9 . 44 9.60 0. 13 2. 17
28. 9 45 10.40 0. 14 2. 10
29.9 46 12.20 0. 16 1.86
30. 9 47, 11. 60 0. 15 1.86
1.10 40* 12.90 0. 17 1 . 79
2. 10 49 13.30 0. 18 1. 77
3. 10 50 13. 30 0. 18 1. 73
4. 10 51 13.20 0. 18 1 . 67
5.10 52 14.10 0. 19 1 . 74
6. 10 53 13.20 0. 18 1 . 79
7. 10 54 14. 10 0. 19 1. 76
8. 10 55 15. 00 0. 20 1 . 69
9. 10 56 13. 20 0. 18 1 . 77
10. 10 57 12. 10 0. 16 1 . 73
11.10 58 11. 60 0. 15 1 . 66




1 13. 60 0. 18 0. 68
16. 1 (_) ' 2 19.00 0.25 0. 55
17. 10 3 20. 70 0. 28 0. 47
18.10 4 19. 60 0.26 0. 47
19. 10 5 18.20 0.24 0. 4 7
20. 10 6 16. 60 0. 22 0.47
21. 10 7 18.00 0.24 0.49
22. 10 8 18.00 0. 24 0.53
23. 10 9 1 7. 00 0. 23 0. 54
24. 10 10 17. 80 0. 24 0. 53
25. 10 i 1 17. 10 0. 23 0.54
26. 1 0 12 16.00 0.21 0. 56
27. 10 13 14.90 0. 20 0.57
28. 10 14 15.20 0.20 0. 61
29. 1 0 15 17.00 0. 23 0. 62
30. 10 16 15.80 0-21 0.62
31.1 0 1 7 14.80 0. 20 0. 64
1.11 18 15. 12 0.20 0. 63
2. 11 19 13.60 0. 18 (.) .66
3. 11 20 14. 10 0. 19 0. 68
4.11 21 12.80 0. 17 0. 70
5. 1 1 22 1 4.20 0.19 0. 70
6.11 23 1 4. 40 0. 19 0.71
7. 11 24 13.20 0. 18 0. 70
8. 1 1 25 13.30 0. 18 0.75
9. 11 26 13.40 0. 18 0. 76
10. 1 1 27 12.70 0. 17 0.75
11.11 28 12.90 0. 17 0. 79
12. 1 1 29 14.50 0. 19 0.81
13. 11 30 12.70 0. 17 0.81
14. 1 1 31 12.50 0. 17 0.87
15. 1 1 32 12.60 0. 17 0.89
16.11 12.30 0. 16 0.91
17.11 34 12.50 0. 17 0. 92
18.11 35 11.80 0. 16 0. 96
19. 1 1 36 11. 80 0. 16 1.01
20. 11 37 11. 60 0. 15 1 . 03
21. 11 38
A30 
11. 10 0. 15 1. 09
22. 1 1 39 12.20 0. 16 1.14
23. 1 1 40 11.40 0. 15 1 . 18
24.11 41 11.20 0. 15 1. 22
25. 1 1 42 11.10 0. 15 1 .25
26. 1 1 43 11.90 0. 16 1 . 27
27.11 44 12.60 0. 17 1. 33
20.11 45 12. 60 0. 17 1.39
29. 11 46 13.30 0. 18 1. 39
30. 1 1 47 1 1. 80 0.16 1.52
1.12 48 12.50 0. 17 1. 56
2. 12 49 10.90 0. 15 1.65
3. 12 50 10.80 0. 14 1 . 63
4. 12 51 10. 40 0. 14 1.65
5. 12 52 9. 60 0. 13 1 . 85
6.1 'A 53 8. 70 0. 12 1.96
7. 12 54 9.00 0. 12 1.89
8. 12 55 9.10 0. 12 1. 97
9. 12 56 9.40 0. 13 2.02
10. 12 57 9.50 0. 13 2.05
1 1 . 12 58 9.20 0. 12 2. 15
12. 12 59 9. 30 0. 12 2. 22
13. 12 60 7. 70 0. 10 2.4 1
14.12 61 8. 50 0.11 2. 41
15.12 62 8.70 0. 12 2.51
---- - • — — ..— .—
A3!
Appendix 4.1 Depth distribution of particulate organic carbon
(mg/cm* sand) of the di fferent runs at the uncovert
bed 14, 1985.
{Run Depth 1 Run age (days) 1
Inc. (cm) 1 - ------------!
1
I












! 1-2 1 0.07 I 0.27 ! 0. 53 0.62 ! 1.15 !
I 2-3 1 0.06 ! 0. 18 I 0.20 0.21 1 0.53 1
1 3-4 1 0.10 I 0. 10 ! 0. 12 0.14 ! 0.33 !
1 4-5 1 0.10 1 0.05 ! 0. 12 0.15 ! 0.24 1
5-6 1 0.14 ! 0.05 1 0. 12 0.11 1 0.26 !
Î 6-7 1 0.13 1 0. 04 1 0. 14 0.10 I 0. 33 1
1 7-8 ! 0.15 ! 0.07 1 0. 13 0.09 1 0.34 !
1 8-9 1 0.07 ! 0.06 1 0. 12 0.10 I 0.28 !
1 9-10 1 0.10 1 0.09 1 0. 12 0.11 ! 0.35 I
! 14-151 0.08 ! 0.09 ! 0. 13 0.10 1 0.28 !
1 19-201 0.09 ! 0.23 11 0.07 0.10 ! 0.18 !
1 24-251 0.08 ! 0.09 ! 0.08 0.08 1 0.13 !
1 29-301 0.17 1 0.08 ! 0. 08 0. 07 ! 0.12 !
----—' -— { ”= =:rscs = = ( =r










0-1 1 0.27 !* 0.72 ! 1.53 2.96 ! 2.36 !
! 1-2 1 0. 10 ! 0. 14 ! 0.85 1.34 ! 1.20 !
! 2-3 Î 0.12 ! 0.08 ! 0.47 0.69 ! 0.87 !
! 3-4 I 0.09 ! 0.07 : 0.25 0.64 ! 0.75 !
1 4-5 1 0.09 ! 0.07 ! 0.24 0.60 ! 0.68 !
1 5-6 1 0.07 ! 0.07 ! 0.29 0.53 ! 0.56 !
! 6-7 1 0.07 ! 0.07 : 0.21 0.48 1 0.47 !
I1 7-8 1 0.07 ! 0.07 I 0. 15 0.45 ! 0.43 !
1 8-9 1 0.06 ! 0.08 ! 0. 18 0.39 ! 0.38 !
1 9-101 0.06 ! 0.07 ! 0. 19 0.35 ! 0.37 !
1 14-151 0.10 ! 0.06 ! 0. 16 0.29 ! 0.29 !
Î 19-201 0.07 ! 0.06 ! 0. 18 0.30 1 0.27 !
{ 24-25! 0.22 I 0.06 ! 0. 15 0.23 ! 0.27 !











0-1 1 0.21 1 3.41
1
!
1 1-2 1 0.11 ! 1.32 !
1 2-3 1 0 . 06 ! 1.65 11
1 3-4 1 0.06 ! 1.05 1
11 4-5 I 0.04 ! 0.51 I
1 5-6 1 0 . 05 I 0. 40 !
1 6-7 1 0.07 1 0.26 !
1 7-8 1 0.04 1 0.37 1
1 8-9 1 0.08 ! 0.31 1
9-10! 0.06 ! 0. 19 1
14-15! 0.07 ! 0.22 I
19-201 0.05 1 0. 19 1
Î 24-25! 0.04 1 0. 17 !
f1 29-301 0.04 1 0. 14 11
------ - j Œ j C= =
i ! 2 ! 9 1 16 1
1
Î 4 0-1 !
1
0.76 ! 1. 70
1
! 2. 09 !
1 1-2 ! 0.23 ! 1.02 ! 0.95 !
-■
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1 2-3 0. 17 0. 70 1 0.59 1
..
1 3-4 0. 11 0.38 i 0.45 1
1 4-5 0.11 0.35 î 0.36 1
1 5-6 0.08 0. 19 1 0.29 1
1 6—7 0.09 0. 38 } 0.26 1
1 7-8 0. 11 0.24 1 0.26 1
! 8-9 0. 11 0.25 1 0.24 !
! 9-10 0.07 0.23 1 0.34 1
1 14-15 0.08 0.20 1 0.19 1
1 19-20 . 0.06 0. 17 1 0.27 1
1 24-25 • 0.07 0. 19 1 0.18 l
1 29-30 0.09 0. 20 1 0.22 1
---—— = =r 2= SS cr C3 e: 1 =======[
1
1
5 13 1 1 9
1 5 0-1 1.51 1.64 l 2.57 1
î 1-2 1 .00 0.89 1 1.27 1
î 2-3 0.58 0. 68 1 1.07 :
1 3-4 0.39 0.62 1 0.71 1
! 4-5 0. 30 0.69 ! 0.44 1
1 . 5-6 0.22 0. 36 1 0.38 1
1 6-7 0. 20 0.39 î 0.40 1
1 7-8 0. 17 0. 38 1 0.33 î
1 8-9 0. 18 0. 35 ( 0.35 î
î 9-10 0. 17 0. 33 l 0.37 î
! 14-15 0.21 0. 36 1 0.20 i
1 19-20 0.13 0.23 ! 0.18 1
24-25 0. 13 0. 20 1 0.17 !
29-30 0.20 0. 17 1 0.25 i









î 4-5 0. 55
1 5-6 0. 37
î 6-7 0.21
7-8 0. 14
! 8-9 0. 14
1 9-10 0. 12
1 14-15 0.07
1 19-20 0. 05
; 24-25 0.06
1 29-30 0.02





1 7 0-1 0. 05 1.20 1
! 1-2 0.05 0.50 !
1 2-3 0.03 0.31 1
1 3-4 0. 05 0.23 1
1 4-5 0.04 0. 19
1 5-6 0.04 0. 19 1
1 6—7 0.05 0. 19 1
î 7-8 0.04 0. 18 I
1 8-9 0.02 0. 17 1
1 9-10 0. 04 0. 16 1
î 14-15 0.03 0. 12 1
l 19-20 0. 02 0. 08 1t
1 24-25 0. 07 0. 08 î




1 1 1 13 1 22 1 27
1------—  1---- ---{——————— 1 — — — — — —
0-1 1 0.46 ! 0.93 1 0. 65 ! 2.88
1-2 1 0.12 1 0.73 ! 0.52 1. 58
2-3 1 0.09 1 0.43 ! C>. 36 l 0.94
3-4 1 0.10 ! 0.32 1 0.28 1 0.78
4-5 ! CL. 09 ! 0.24 1 0. 20 î 0.64
5-6 1 0.04 ! 0.24 1 0.20 ! 0.50
6-y \ 0.04 1 0.18 ! 0.20 ! 0.40
7-8 ‘l 0.04 1 0.27 ! 0.21 1 0.34
8-9 1 0.04 1 0.21 ! 0. 19 ! 0.25
9-101 0.04 ! 0.19 1 0. 18 1 0.22
14-15! 0.06 ; 0.13 ! 0. 18 ! 0.16
19-20! 0.06 1 0.10 ! 0. 19 1 0.10
24-25! 0.06 1 0.08 ! 0. 18 1 0.09





Depth distribution of prticulate organic 
carbon (mg/cm^ sand) of the different runs 







2-3 —  —» — 0.75
3-4 —  —  — 0.50












(days) 5 17 31
Depth (cm)
0-1 0.44 1.29 3.13
1-2 0.22 0.68 0.85
2-3 0.23 0.33 0.56
3-4 0.23 0.30 0.40
4-5 0.20 0.25 0.28
5-6 0.16 0.25 0.24
6-7 0.14 0.26 0.24
7-8 0.25 0.21 0.25
8-9 0.17 0.19 0.25
9-10 0.17 0.17 0.25
14-15 0.14 0.14 0.24
19-20 0.11 0.17 0.24
24-25 0.19 0.16 0.16




Depth distribution of particulate organic 
carbon (mg/cm* sand) of the different runs 
at the partially-covered bed (Bed 4), 1986. 
*******************************************
Run age 
(days) 4 11 18
Depth (cm)
0-1 0.8 2.5 1.7
1-2 0.7 1.4 1.3
2-3 0.6 1.2 1.0
3-4 0.6 1.0 0.7
4-5 0.7 0.7 0.6
9-10 0.5 0.4 0.5
19-20 0.3 0.3 0.4
29-30 0.3 0.4 0.3
Eighth run
Run age
(days) 3 12 20 24 31 38 45 52
Depth (cm)
0-1 0.2 1.9 2.4 2.3 3.3 4.1 3.6 2.7
1-2 0.1 1.4 2.3 2.4 2.1 3.9 2.8 3.3
2-3 0.1 0.4 3.2 2.6 1.5 2.9 2.1 3.4
3-4 0.1 0.4 2.3 1.4 1.3 3.5 1.2 2.3
4-5 0.1 0.3 2.2 0.8 1.0 2.4 0.5 1.3
9-10 0.1 0.2 0.2 0.2 0.3 0.5 0.6 0.4
19-20 0.0 0.1 0.1 0.3 0.2 0.2 0.2 0.2
29-30 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.2
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Appendix 4.2 The depth distribution of chlorophyll-a at different
runs of the filter bed 14 at Ashford Common, 1985.
****************************************************
jRun Depth Run age (days) Î
(cm) - 1
11
5 15 21 1 
_______ 1 _
26 33 1
1 1 0-1 0.23 14.60 14.95 1 47.20
_______
48.60 1
1 1-2 0.39 3.80 6.08 1 10.00 16.40 1
1 2-3 0.29 1.60 2.39 1 3.48 9.20 1
1 3-4 0.22 1.10 1.83 1 2.15 5.50 1
1 4-5 0.17 0.70 1.84 1 1.60 4.20 1
1 5-6 0.12 0.50 1.82 1 2.02 4.20 1
1 6-7 0.12 0.40 1.96 1 2.58 4.80 1
1 7-8 0.046 0.40 1.93 1 2.67 4.80 1
1 8-9 0.040 0.30 1.78 1 1.17 4.30 1
1 9-10 0.035 0.30 1.49 1 1.22 3.96 1
1 14-15 0.038 0.20 1.73 1 0.58 2.60 1
1 19-20 0.043 0.10 0.58 1 0.55 1.10 1
1 24-25 0.050 0.10 0.65 1 0.50 0.80 1
11
29-30 0.081 0.10 0.32 1 0.30 0.50 1
11
7 12 19 1 28 33 1
1
1 2 0-1 2.07 15.96 30.43 1 22.39
_______
18.88 1
1 1-2 0.50 1.55 4.44 1 3.28 3.32 1
1 2-3 0.48 0.92 1.93 1 2.21 2.47 1
1 3-4 0.51 0.70 1.23 1 2.23 1.94 1
1 4-5 0.40 0.54 1.44 I 2.24 1.58 1
1 5-6 0.35 0.56 1.27 1 1.89 1.28 1
1 6-7 0.32 0.44 1.02 1 1.61 0.92 1
1 7-8 0.30 0.42 0.99 1 1.53 0.84 1
1 8-9 0.32 0.45 0.89 1 1.37 0.75 1
1 9-10 0.26 0.42 0.81 1 1.22 0.68 1
1 14-15 0.23 0.44 0.83 1 1.04 0.51 1
1 19-20 0.17 0.26 1.00 1 0.66 0.40 1
1 24-25 0.50 0.20 0.59 1 0.51 0.36 1
1 29-30 0.34 0.15 0.93 1 0.39 0.23 1




1 3 0-1 1.56 18.07
1 1-2 0.72 17.54
1 2-3 0.31 12.02
1 3-4 0.21 5.94
1 4-5 0.22 4.43
1 5-6 0.21 4.51
1 6-7 0.30 3.76
1 7-8 0.18 3.71
1 8-9 0.37 2.97
1 9-10 0.20 2.45
1 14-15 0.23 1.43
1 19-20 0.18 0.86
1 24-25 0.18 0.54
 ^ 1 29-30 0.48 0.42
11
2 9 ll'~ Î
1
1 4 0-1 1.73 18.47
_______ I
23.30 1
1 1-2 1.37 10.20 5.37 1
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1 2-3 0.85 5.54 1 2.89 1
1 3-4 0.70 3.32 1 2.03 1
1 4-5 0.54 2.59 1 1.61 1
1 5-6 0.46 1.60 1 1.00 1
1 6-7 0.44 2.32 1 0.89 1
1 7-8 0.42 1.38 1 0,80 1
1 8-9 0.37 2.25 1 0.61 1
1 9-10 0.29 1.32 1 0.29 1
1 14-15 0.31 0.83 1 0.44 1
1 19-20 0.18 0.55 1 0.55 1
1 24-25 0.26 0.51 1 0.36 1
1 29-30 0.19 0,38 1 0.89 1
—
11




1 5 0-1 21.90 39.80 1 38.03 1
1 1-2 13.89 8.38 1 16.45 1
1 2-3 8.28 4.11 1 14.92 1
1 3-4 5.04 3.69 1 6.84 1
1 4-5 3.50 4.44 1 4.29 I
1 5-6 2.27 2.63 1 3.27 1
1 6-7 2.17 1.96 1 3,99 1
1 7-8 1.72 2.14 1 2.23 1
1 8-9 1.78 1.91 1 1.88 1
1 9-10 1.58 2.11 1 1.83 1
1 14-15 1.41 1.56 1 0.77 1
1 19-20 0.94 0.85 1 0.57 1
1 24-25 0.72 0.68 1 0.40 1
11
29-30 0.86 0.48 1 1.28 1
1 2
1














— — — — — = = = = = = = = =
1 1 13 1
1
1 7 0-1 0.37
____________
20.26 1
1 1-2 0.30 7.43 1
1 2-3 0.22 5.34 1
1 3-4 0.22 4.33 1
1 4-5 0.18 3.69 1
1 5-6 0.25 4.69 1
1 6-7 0.17 3.62 1
1 7-8 0.18 3.59 1
1 8-9 0.17 3.02 1
1 9-10 0.25 2.68 1
1 14-15 0.18 1.55 1




——--------- = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
1 13 22 27 1 
1
0-1 1.33 16.28 24.61 32.37 1
1-2 0.43 9.54 1.96 33.90 1
2-3 0.23' 6.35 1.16 19.35 1
3-4 0.26 5.25 0.96 17.60 1
4-5 0.26 4.45 0.89 14.30 1
5-6 0.15 4.23 0.89 12.10 1
6-7 0.15 3.36 0.79 8.60 1
7-8 0.15 4.02 0.62 5.17 1
8-9 0.15 1.42 0.83 2.74 1
9-10 0.15 1.02 0.73 1.87 1
14-15 0.81 0.74 0.74 0.65 1
19-20 0.81 0.25 1.01 0.31 1
24-25 0.20 0.51 0.73 0.38 1
29-30 0.20 0.48 1.37 1.05 1
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Appendix 4.2 Depth distribution of chlorophyll a (ug/cm^ 
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(days) 5 17 31
Depth (cm)
0-1 2.16 17.5 22.43
1-2 1.66 6.21 5.65
2-3 1.17 3.22 2.74
3-4 0.99 3.06 2.70
4-5 0.79 2.53 1.82
5-6 0.92 2.34 1.44
6-7 0.76 1.92 1.28
7-8 0.75 1.93 1.44
8-9 0.69 2.05 1.09
9-10 0.80 1.53 1.15
14-15 0.68 0.73 1.02
19-20 0.65 0.59 0.91
24-25 0.56 0.36 0.39
29-30 0.49 0.13 0.10
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Appenedlx 4.2 Depth distribution of chlorophyll a (ug/cmf 
sand) of different runs at the partially- 




(days) 4 11 18
Depth (cm) •
0-1 5.5 28.5 41.9
1-2 5.0 21.5 23.0
2-3 5.1 20.3 19.0
3-4 5.9 16.5 11.5
4-5 4,9 11.1 9.3
9-10 1.1 2.3 5.5
19-20 0.8 0.7 2.5
29-30 0.9 0.9 0.6
Eighth run
Run age
(days) 3 12 20 24 31 38 45 52
Depth (cm)
0-1 1.2 17.5 28.5 33.0 35.6 27.6 28.9 19.4
1-2 0.6 16.0 33.7 42.5 35.8 26.4 23.3 23.6
2-3 0.3 10.1 55.1 58.0 33.8 24.2 21.0 30.3
3-4 0.2 9.3 34.0 40.9 29.3 23.0 12.6 30.6
4-5 0.1 8.7 35.9 21.0 20.5 15.6 9.5 14.7
9-10 0.1 5.3 4.2 2.0 3.5 4.2 1.1 1.0
19-20 0.1 0.9 0.6 0.9 0.8 0.5 0.4 0.3
29-30 0.1 0.4 0.2 0.6 0.4 0.3 0.2 0.2
A 4 1  ■ ,
ip /cm^
Appendix 4.3 Depth distribution of the bacterial populations/at the 
different runs of filter beds 14, 5(1985) and 4 (1986) 
******************************************************
Run Date Depth (cm)
No 0-1 1-2 2-3 3-4 4-5 9-10 14-15 19-20 24-25 29-30
1 N 4/4 0.51 0.17 0.20 0.18 0.08 0.11 0.09 0.17 0.13 0.05
10/4 0.19 0.14 0.23 0.29 0.30 0.25 0.20 0.12 0.17 0.14
15/4 0.18 0.13 0.17 0.19 0.14 0.16 0.15 0.11 0.10 0.11
22/4 3.02 2.75 1.84 1.54 1.42 1.62 2.19 1.07 1.27 0.97
2 N 8/5 0.58
_____ _____
0.56 0.35 0.58
13/5 1.14 1.85 1.68 1.27 1.13 0.90 0.77 0.88 0.79
20/5 0.49 0.51 0.48 0.25 0.29 0.25 0.11 0.16 0.18 0.19
3/6 1.33 1.37 1.32 1.36 0.84 0.38 0.30 0.21 0.14 0.14
3 N 13/6 2.18 1.92 1.89 1.48 1.64 1.47 1.57 1.32 1.14 1.70
17/6 1.75 —— — — 1.45 1.11 —— 1.06 —— 0.97
1/7 5.62 2.78 2.96 2.09 1.73 1.75 0.98 1.39 1.01 1.21
4 N 8/7 1.55 1.35 1.11 1.24 1.60 1.21 0.93
15/7 3.63 2.56 2.89 2.04 0.90 1.61 — 1.18 1.21 1.08
22/7 3.79 — 3.17 — 2.18 1.08 — 1.07 — 1.04
5 N 2/8 0.99 0.90 1.02 0.99 0.62 0.56 0.61
5/8 4.26 2.65 2.56 1.97 1.54 1.15 — — 0.89 —— 1.08
13/8 41.59 32.71 22.64 16.87 12.28 11.69
19/8 6.82 7.34 4.88 - 5.24 2.92 3.15 2.26 — 2.03
6 N 23/8 2.12 1.76 1.76 1.39 1.78 1.60 1.51
4/9 10.51 8.70 8.75 - 5.88 4.84 - 4.33 — 3.17
7 N 6/9 4.03 4.00 2.53 6.45 4.22 3.89 4.04
18/9 3.85 2.93 2.95 - 2.32 1.60 - 1.52 — 1.42
8 N 2/10 4.97 1.92 1.79 1.42 1.64
14/ 11.80 — — 10.21 — — 7.12 4.26 3.74
23/ 3.95 3.11 2.35 - 1.69 1.27 1.21
65 14/8 1.87 1.60 0.81 0.70 0.71
28/8 5.54 4.90 2.26 - 1.88 1.38 1.51
78 11/9 3.40 2.34 1.79 7.53 1.79 1.63 1.86
23/9 4.27 2.92 2.78 — — 2.43 1.52 — — 1.37 — 1.18
7/10 6.94 6.11 4.29 - 2.81 2.10 - 1.79 — 1.55
7PS 28/7 0.81 0.59 _ 0.49 0.48 _ 0.31 0.27
4/8 1.90 — — 1.04 —— 0.68 0.43 — — 0.44 — — 0.32
11/8 0.97 - 0.56 - 0.37 0.35 - 0.28 - 0.25
8PS 18/8 0.23 0.14 0.12 0.17 0.12 0.10
27/8 0.77 — 0.59 — — 0.44 0.30 —— 0.24 —— 0.16
4/9 1.52 _ — 1.17 — “ 0.67 0.38 — — 0.28 — — 0.16
8/9 0.93 — 0.82 —— 0.56 0.24 — — 0.23 —— 0.25
15/9 1.93 _ 1.22 —— 0.76 0.53 — — 0.49 —— 0.43
22/9 1.07 — 0.93 — — 0.78 0.61 —— 0.48 —— 0.30
29/9 1.68 _ 1.23 — — 0.65 0.49 - 0.35 — — 0.36
6/10 1.76 - 1.25 - 0.74 0.48 - 0.34 - 0.24
. _ — — — — — — " — —• — — — — — — — — — —- — — — —— —--- ————————————— --
N indicates not shaded runs of bed 14 (1985).
S indicates the shaded runs of bed 5 (1985).
PS indicates the partially-shaded runs of bed 4 (1986).
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Appendix 4.4 Depth distribution of the different common ciliated- 
protozoans (10^/cm^) in various runs of bed 14, 1985 
at Ashford Common Works. 
****************************************************
Depth cm 0-1
Date I Run I 
no.
1 1-2 2-3 3-4 4-5 9-10 14-15 19-20 24-25 29-301
1 20 0 182 0 0 14 25 0 0 1
1 56 0 42 0 14 84 14 0 0 1
1 59 0 216 0 30 15 33 82 114 1
1 74 0 131 28 74 274 98 159 252 1
1 212 56 196 39 16 33 280 33 98 1
1 245 392 123 0 74 25 49 49 25 1
1 644 476 336 147 392 —  — 327 —  •— 118 1
1 — — 56 56 112 140 0 196 ---- 56 1
1 33 0 56 147 109 — 308 — 168 1
1 59 — — 140 490 425 —  — 140 —  — 196 1
12509 2107 686 168 196 261 336 261 140 I
1 — — — — — 168 196 —  — 224 — — 112 1
1 — — 308 ^  — 56 168 ---- 168 — 140 1
1 — — 252 — ^ 252 224 56 1
1 53 49 — — 74 39 84 1
1 __ 252 — 224 196 476 1
1 — » 588 — — 672 392 476 1
1 — — 1204 — — 588 532 280 1
1 ,392 252 280 112 168 1
1 196 224
- - - - - - - - - - - -
364 420
- - - - - - - - - - - - - - - - - - - - - - - - - - ---------
28 1
1 372 14 0 14 14 14 37 0 404 1
1 112 0 70 0 14 14 0 0 0 1
1 20 118 59 136 15 30 114 147 49 1
1 25 0 163 0 0 59 16 98 182 1
I 33 28 22 137 33 114 0 0 42 1
1 98 49 25 49 25 0 49 0 0 1
1 196 168 196 245 56 —  — 65 — — 78 1
I — — 252 140 112 84 112 308 —  — 112 1
1 555 131 140 221 109 —  — 308 —  — 224 1
1 59 — 56 0 131 —  — 84 -------- 123 1
1 157 539 261 252 112 261 56 131 168 1
I . « — 28 196 —  — 84 — — 0 1
1 — — 112 — 56 0 —  — 28 —  — 28 1
1 —  — 336 —  — 924 280 56 1
1 112 56 — — 56 28 28 1
1 —  — 308 —  — 84 28 56 1
1 —  — 0 —  — 0 0 28 1
1 —  — 868 —  — 840 56 56 1
1 420 252 —  — 168 28 0 1
1 476 420 616 168
--------------------- --------------------- ---------------------
252 1
1 118 0 0 28 0 0 0 0 0 1


































7/8 I 5 
13/8 I 
23/8 I 6 
4/9 1 
6/9 I 7 
18/9 I 

















































22/5 1 1 255 216 274 314 15 317 136 33 278 212
29/5 1 1 98 49 168 196 56 368 39 163 270 84
5/6 1 11535 294 336 283 470 359 490 196 686 196
17/6 1 3 1 74 25 25 0 49 0 0 0 49 25
3/7 1 1 756 588 364 280 294 56 —  — 22 — — 0
10/7 1 4 1 0 476 364 196 140 0 196 — 84
17/7 1 1 308 131 327 0 49 44 —  — 56 ---- 112
25/7 1 1 140 176 —  — 56 147 196 —  — 28 —  — 0
7/8 1 5 1 157 ■ 78 294 229 28 56 131 0 33 0
13/8 1 1 327 — ____ — 84 28 —  — 0 —  — 56
23/8 1 6 1 28 — - 0 • —  — 0 0 — — 0 ---- 0
4/9 1 1 476 — 644 —  — 252 28 28
6/9 1 7 1 112 84 56 —  — 0 28 0
18/9 1 1 588 —  — 28 — 56 112 0
2/101 8 1 0 —  — 0 — 0 0 0
14/101 1 336 mtm — . 28 — 0 0 0





252 196 — 112 0 84
Chilodoneila:
8/5 1 2 11736 1 960 1 0 1 868 1 476 1 28 1 378 11421 1 381 1 0
15/5 1 13430 1 378 1 616 12016 15530 13878 11568 1 938 11162 13430
22/5 1 ] 372 1 412 1 960 1 412 11146 1 271 1 437 1 604 1 817 1 898
29/5 1 1 280 1 392 1 112 1 588 11344 1 343 1 510 1 572 1 380 1 686
5/6 1 1 621 11192 15516 11067 1 392 1 359 1 392 1 252 I 523 1 224
17/6 1 3 12107 1 980 1 809 11103 1 711 1 221 1 466 1 760 1 98 1 588
3/7 1 11400 11904 11372 11540 11274 11960 I — — 1 828 1 ---- 1 847
10/7 1 4 11316 1 — 1 812 1 840 1 476 1 588 11092 11036 1 1 812
17/7 1 11372 1 751 1 490 1 420 1 466 1 806 1 — — 11960 1 — 11092
25/7 1 1 392 1 392 11036 11568 1 686 1 ---- 1 308 1 —— 1 294
7/8 1 5 15606 12587 11372 11666 12520 11960 11143 1 616 1 457 1 476
13/8 1 1 784 1 —  — 1 —  — 1 672 1 364 1 — 1 616 1 — 1 560
23/8 1 6 1 280 1 —  — 1 448 1 - 1 672 1 644 1 — 1 392 1 — 1 476
4/9 1 ] 672 1 —  — 1 896 1 ---- 11120 1 896 1 644
6/9 1 7 1 280 1 308 1 560 1 - -- 1 588 1 476 1 308
18/9 1 11652 1 —  — 12884 1 —  — 11820 11764 12324
2/101 8 11932 I — — 12044 1 —  — 12436 11036 11540
14/10] 13388 1 ^  — 13780 1 —  — 12688 1 896 j 672
23/10] 12240 12212 12324 1 —  — I 952 11792 1 952
28/10] 11708 11596 11456 1 —  — 11204 11820 1 812
Tachysoma
8/5 1 2 28 59 0 0 1 0 0 70 0 1 0 0
15/5 1 588 0 0 56 1 0 0 0 98 1 0 14
22/5 1 372 294 274 333 1 30 • 136 91 33 1 33 114
29/5 1 322 172 56 555 1 0 0 39 82 I 12 0
5/6 1 0 16 0 0 1 0 0 0 0 1 0 0
17/6 1 3 0 49 25 0 1 25 0 0 0 1 25 0
3/7 1 28 56 56 56 1 0 0 ------- 0 I — — 0
10/7 1 4 840 —' — 84 56 1 84 112 28 -84 1 — — 56
17/7 1 196 0 33 84 1 74 0 —  — 28 1 —  — 56
25/7 1 56 0 —  — 0 1 0 0 — — 28 1 —  — 49
7/8 1 5 627 666 196 392 1 56 252 131 112 1 33 0
13/8 1 131 —  — — -------1 84 56 — 56 1 —  — 0
23/8 1 6 56 —  — 28 -------1 0 0 ------- 0 1 -------- 28
4/9 1 196 —  — 84 -------1 56 84 0
6/9 I 7 112 84 56 -------1 0 56 0
18/9 1 532 — — 252 -1 28 56 0
2/101 8 112 —  — 56 -------1 28 0 0
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14/101 1 196 — —- 56 —  — 140 140
23/101 11568 252 140 —  — 84 84
28/101 1 
1 1
196 224 28 ------- 84 0
1 1 
Oxytricha:
8/5 1 2 1 0 20 0 0 0 0
15/5 1 1 0 0 0 0 0 "■ 0
22/5 1 1 20 20 39 59 75 60
29/5 1 1 28 49 84 0 112 123
5/6 1 1 33 33 0 0 0 0
17/6 1 3 1 74 25 98 49 0 0
3/7 1 1 56 28 0 0 0 56
10/7 1 4 1 112 —  — 112 140 112 112
17/7 1 1 224 65 65 28 0 22
25/7 1 1 28 0 ■— — 0 0 65
7/8 1 5 1 39 0 49 98 252 28
13/8 1 1 33 28 0
23/8 1 6 1 0 —  — 28 ------- 56 0
4/9 1 1 224 —  — 56 —  — 84 112
6/9 1 7 1 28 28 0 ------- 0 0
18/9 1 1 168 — 84 -------- 0 0
2/101 8 1 84 — 56 —  — 28 0
14/101 1 168 —  — 28 ------- 0 28
23/101 1 28 56 0 —  — 0 112
28/101 1
1 1
28 0 28 ------- 0 0
1 1 
Euplotes:
8/5 1 2 1 0 20 0 0 0 0
15/5 1 1 630 42 0 56 0 14
22/5 1 1 314 255 118 176 45 121
29/5 1 1 154 196 112 33 0 74
5/6 1 1 98 212 140 44 0 16
17/6 1 3 1 0 25 0 25 0 25
3/7 1 1 588 420 196 336 417 560
10/7 1 4 1 140 —  — 168 112 84 56
17/7 1 1 532 0 33 0 74 0
25/7 1 1 112 20 —  — 0 147 131
7/8 1 5 1 118 118 0 261 28 56
13/8 1 1 33 84 84
23/8 1 6 1 28 —  — 0 —  — 0 28
4/9 1 1 532 —  — 336 ------- 140 0
6/9 1 7 1 28 28 0 ------- 0 0
18/9 1 1 140 —  — 56 —  — 56 0
2/101 8 1 28 -------- 56 -------- 0 0
14/101 1 252 —  — 56 —  — 112 0
23/101 1 56 84 28 ------- 56 0
28/101 1 252 280 84 -------- 0 28
Stylon^chia:
8/5 1 2 1 0 20 0 0 0 0
15/5 1 1 14 0 0 0 0 0
22/5 1 1 39 39 20 78 0 30
29/5 1 1 308 74 84 98 56 0
5/6 1 1 0 16 28 22 20 16
17/6 1 3 1 0 0 0 0 25 0
3/7 1 1 28 28 56 56 25 56
10/7 1 4 1 84 — 56 0 28 56
0
1
12 I 0 0
14 0 1 14 0
106 0 1 16 49
59 0 I 49 42
0 0 1 33 14
0 0 1 0 0
— 22 ; — — 59
196 84 I —  — 84
—' — 168 1 — 140
—  — 0 1 —  — 0
33 28 1 65 0
—  — 112 1 —  — 0

























































































17/7 1 1 0 33 65 1 0 1 49 1 0 1
25/7 1 1 28 0 — 1 56 1 98 1 33 1
7/8 1 5 1 235 196 49 1 65 1 28 1 0 1
13/8 1 1 65 — — — — 1 mtm 1 56 1 28 1
23/8 1 6 1 56 — — 0 1 —— — 1 0 1 0 1
4/9 1 1 28 — — 56 1 — — 1 0 1 0 1
6/9 1 7 1 28 56 0 1 — — 1 28 1 56 1
18/9 1 1 112 — — 28 1 —— 1 0 1 0 1
2/loj 8 1 56 — — 28 1 — — 1 0 1 0 1
14/101 1 28 — 0 1 w — 1 0 1 0 1
23/101 1 0 0 0 1 mm — 1 28 1 0 j
28/101
1 11
56 28 0 1 - 1 0 1 0 1
1 1 
Hemiophrys :
8/5 1 2 1 0 20 0 1 56 1 0 1 0 1
15/5 1 1 42 28 28 1 0 1 56 1 196 1
22/5 1 1 59 20 39 1 118 1 15 1 15 1
29/5 1 1 70 0 28 I 0 1 0 1 25 1
5/6 1 1 229 49 56 1 131 1 39 1 82 1
17/6 1 3 1 0 74 0 1 98 1 0 1 25 I
3/7 1 1 168 224 252 1 28 1 25 1 112 1
10/7 1 4 1 336 — 56 1 112 1 168 1 112 1
17/7 1 1 392 0 0 11904 1 123 1 0 1
25/7 1 1 84 78 — — 1 812 12548 12711 1
7/8 1 5 1 0 39 196 1 131 1 0 1 0 1
13/8 1 1 817 1 168 1 56 1
23/8 1 6 1 84 — 168 1 — — 1 0 1 56 1
4/9 1 1 168 — 84 1 — — 1 84 1 196 1
6/9 1 7 1 0 28 28 1 — — 1 0 1 0 1
18/9 1 1 0 —- — 0 1 — — 1 0 1 0 1
2/101 8 1 112 - 56 1 — — 1 112 1 56 1
14/101 1 0 — — 0 1 - 1 168 1 0 1





0 0 0 1 - 1 0 1 28 1
1 i
Litonotus:
8/5 1 2 1 0 59 0 1 14 1 14 1 0 1
15/5 1 1 0 0 0 1 0 1 0 1 0 1
22/5 1 1 118 137 627 1 78 1 226 1 45 1
29/5 1 1 56 147 56 1 163 1 112 1 49 1
5/6 1 11699 98 504 1 218 1 78 1 131 1
17/6 1 3 1 25 49 25 I 74 1 98 1 0 I
3/7 1 1 168 28 0 1 0 1 25 1 0 1
10/7 1 4 1 28 —— — 84 1 84 1 140 1 196 1
17/7 1 1 252 33 65 I 112 1 147 1 44 I
25/7 1 1 84 20 — — 1 112 I 245 1 98 1
7/8 1 5 1 78 0 0 1 196 1 0 1 28 1
13/8 1 1 98 — — — 1 - 1 168 1 196 1
23/8 1 6 1 0 — 0 j —— 1 0 1 0 1
4/9 1 1 336 - 28 1 - 1 28 1 84 1
6/9 1 7 1 56 84 0 1 — — 1 56 1 0 1
18/9 1 1 224 — — 168 1 - 1 140 1 56 1
2/101 8 1 28 - 28 1 - 1 0 1 0 1
14/101 1 0 - 0 1 - 1 0 1 0 1
23/101 1 56 28 56 1 - 1 112 1 0 1



















































































































Appendix 4.4 Depth distribution of the different common
ciliated-protozoans (10^/cm^) in various runs 
of bed 5, 1985 at Ashford Common Work.es. 
*********************************************
1 Depth cm 0-1 1-2 2-3 3-4 4-5 9-10 19-20 29-30j
I Date I Run]
1 jno.j
1Cinetochilum;
|14/8 1 6 1 * * * * 84 112 28 112 1
128/8 1 11232 mm 728 mm w 364 196 — — 84 1
111/9 1 7 1 417 mm — 392 mmmm 504 392 812 980 1
123/9 1 1 952 812 392 — — 280 392 - 252 1
1 7/101 1 
1 1 1
112 168 196 - 196 56 - 140 1
ICyclidium:
114/8 1 6 1 * * * * 56 28 28 0 1
128/8 1 11176 — — 700 - 224 168 — 0 1
|ll/9 1 7 1 392 —— 56 — — 112 56 56 56 1
123/9 1 1 168 224 140 - 196 112 — 56 1
1 7/101 1 140 112 56 - 0 0 - 28 1
I____ j___I
IVorticella
|14/8 1 6 1 * * * * 0 28 56 196 1
128/8 1 1 56 mm — 28 — — 56 28 - 28 1
111/9 1 7 1 0 — — 0 — — 28 28 0 0 1
123/9 1 1 616 392 140 - 112 0 — 0 1
1 7/101 1 28 84 56 - 56 0 — 0 1
IChilodoneila:
114/8 1 6 1 * * * * 140 336 168 224 1
128/8 1 12828 — — 1484 — — 1008 504 - 1204 1
111/9 1 7 I1446 mm — 1064 — — 1204 1344 980 588 1
123/9 1 11988 2268 3612 — “ 3472 4116 — — 1596 1
1 7/101 1 280 224 196 - 84 532 - 308 I
____ I___j
1Tachysoma:
114/8 1 6 1 * * * * 56 0 28 0 1
128/8 1 1 280 — — 196 - 196 84 — 56 1
111/9 1 7 1 123 — — 56 — — 56 0 28 0 j
123/9 1 1 224 196 28 -— 84 28 — 0 1
1 7/101 1 
1 1 1
0 28 28 - 0 0 — 0 1
1 1 1 
1Oxytricha:
|14/8 1 6 1 * * * * 0 0 0 0 1
128/8 1 1 168 — — 112 - 84 168 - 0 1
|ll/9 1 7 1 25 — — 84 — — 28 28 0 0 1
|23/9 1 1 252 112 56 - 56 0 — — 0 1
1 7/101 1 
1 1
0 0 56 - 0 0 - 0 1
1 1 1 
1Euplotes:
114/8 1 6 1 * * * * 0 0 0 0 1
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128/8 I [ 448 - 308 —— 56 84 — — 0 [
111/9 1 7 1 74 — — 84 — 56 56 28 28 [
123/9 1 [ 308 224 56 — 196 28 — 28 [






114/8 1 6 1 * * * * 0 0 0 0 [
128/8 1 [ 28 —  — 56 — — 28 56 - 0 I
111/9 1 7 [ 49 28 — — 0 0 0 0 [









[14/8 1 6 1 * * * * 532 28 336 784 [
[28/8 1 [ 168 — 84 — — 0 0 — — 28 [
jll/9 1 7 1 25 — — 0 — 0 56 0 0 [





0 0 — 0 0 - 0 [ 





114/8 1 6 1 * * * * 0 0 28 56 [
|28/8 1 [ 84 — — 112 —— 0 196 - 0 [
111/9 1 7 1 0 — — 0 — 0 0 0 0 1





28 56 — 0 56 — 0 [ 





[14/8 [ 6 1 * * * * 868 532 672 1372 [
[28/8 [ [6468 — — 3808 — — 2016 2016 - 1400 [
[11/9 [ 7 [2551 —  — 1764 - 1988 1960 1904 1652 [
[23/9 [ [4900 4592 4536 — — 4648 4732 - 2016 [
1 7/10[ 1 840 756 700 - 336 728 - 504 [
* These depths were missed during sampling,
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Appendix 4.4 Depth distribution of the different common 
ciliated-protozoans (10^/cm* ) in various 






0-1 2-3 4-5 9-10119-20129-301 
1 1
iCinetochilum:
130/7 1 7 254 123 98 123 74 25 1
111/8 1 168 112 84 28 — — 56 1
118/8 1 8 140 224 224 28 —  — 28 1
127/8 1 84 —  — 448 —  — —  — 336 1
1 4/9 1 588 168 532 364 —  — 280 1
1 8/9 1 700 420 448 —  — — — 308 1
|15/9 1 252 — 56 140 —  — 336 1
122/9 I 112 280 112 56 — — 280 1
|29/9 1 56 140 56 196 —  — 616 I
1 6/101 168 112 84 364 ---- 252 I
{Cyclidium:
___________
130/7 1 7 221 98 74 25 74 123 1
jll/8 1 532 196 56 56 — — 0 1
|18/8 1 8 84 0 28 0 — — 0 1
127/8 1 224 —  — 224 — — — — 112 1
1 4/9 1 196 112 168 84 —  — 56 1
1 8/9 1 56 476 392 — — — — 140 I
{15/9 1 336 —  — 560 224 —  — 196 1
122/9 1 364 196 336 56 — — 0 1
129/9 1 196 364 112 308 0 1
1 6/101 168 1120 644 280 140 1
1 Vorticellii:
130/7 1 7 147 0 196 74 98 270 1
111/8 1 28 0 28 0 — »— 0 1
|18/8 1 8 0 0 0 0 — — 0 1
{27/8 1 28 — — 0 — — — — 0 1
1 4/9.1 0 0 84 0 0 1
1 8/9 1 0 84 0 — — —  — 28 1
115/9 1 224 —  — 28 0 — — 0 1
{22/9 1 0 0 28 84 0 1
129/9 1 28 28 56 112 0 1
1 6/101 0 28 1792 112 ---- 0 1
1 =  =  =  =  =  1 =  =  =  1 =  =  =  =  =  
{Chilodoneila:
{30/7 1 7 1005 980 515 564 245 123 1
{11/8 1 784 476 364 308 — — 140 1
{18/8 1 8 1232 1764 980 1988 —  — 1148 1
{27/8 { 13444 — — 2716 —  — — — 5712 1
1 4/9 { 18904 6300 7868 4480 — — 6804 1
1 8/9 { 12772 1092 1260 — — — — 1008 1
{15/9 { 11148 — 728 448 ---- 196 1
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122/9 1 13780 2156 1652 1652 — — 1680 1
129/9 1 11344 308 924 336 — — 308 1
1 6/101 11120 1428 616 1148 — 924 1
____ __  __
ITachysoma:
130/7 1 7 1 98 172 147 98 74 49 1
111/8 1 1 84 224 56 28 — 112 1
118/8 1 8 1 28 56 0 28 — 0 1
127/8 1 1 84 mam — 112 — — 0 1
1 4/9 1 1 84 224 28 0 — 0 1
1 8/9 1 1 728 84 28 —— — 56 1
115/9 1 1 56 — — 0 112 —— 0 1
122/9 1 1 0 28 0 28 — 28 1
129/9 1 1 0 0 0 0 —— 0 1
1 6/101 1 28 
I
0 0 28 — 0 1
(Oxytricha:
(30/7 1 7 1 0 0 0 0 0 0 1
(11/8 1 1 28 0 0 28 — — 0 1
(18/8 1 8 1 28 0 0 0 - 0 1
|27/8 1 1 56 — 0 — — - 0 1
I 4/9 1 I 0 56 84 0 —' — 0 1
1 8/9 1 1 0 0 0 — —— 28 1
(15/9 1 1 28 — — 0 0 —— 56 1
(22/9 1 1 0 0 28 84 - 0 1
(29/9 1 1 0 28 0 56 — — 0 1
1 6/101 1 0 0 0 0 - 28 1
_
1Euplotes:
130/7 1 7 1 196 74 0 74 49 0 1
111/8 1 I 280 280 280 56 — — 0 1
118/8 1 8 1 56 0 0 0 — — 0 1
127/8 1 1 56 — 28 — —— 28 1
1 4/9 1 1 140 448 112 28 — — 56 1
1 8/9 1 1 280 112 56 — — — — 224 1
115/9 1 11176 — 56 28 — — 56 1
122/9 1 1 196 448 112 168 — — 0 1
129/9 1 1 280 336 224 56 — — 28 1
1 6/101 1 112 644 112 28 — 0 1
1Stylonichia:
130/7 1 7 1 0 0 25 0 0 25 1
jll/8 1 1 0 28 0 28 — — 0 1
118/8 1 8 1 0 0 0 0 - 0 1
127/8 1 1 0 — — 0 — — — — 0 1
1 4/9 1 1 28 56 0 0 - 0 1
1 8/9 1 1 0 84 0 — — — — 0 1
115/9 1 1 28 — — 0 0 - 0 1
122/9 1 1 28 0 0 0 - 0 1
129/9 1 1 0 0 0 0 —— 0 1
1 6/101 1 0 
1 _1 _
0 0 0 - 0 1
1 —  1 1 
1Hemiophrys:
130/7 1 7 1 25 0 0 0 0 0 1
111/8 1 1 0 0 28 0 — 0 1










30/7 I 7 
11/8 I 









30/7 1 7 
11/8 1 







6 / 1 0 1
1 56 — — 56 — — — — 0 1
1 28 28 0 0 — — 0 1
1 0 0 0 — — — — 0 1
1 0 — — 0 0 — — 28 1
1 0 0 0 0 — — 0 1
1 0 0 0 0 — — 0 1
1 0 28 0 0 0 1
1 123 49 0 0 74 49 1
1 84 28 56 28 — — 0 1
1 0 0 0 0 — — 28 1
1 28 — — 56 — — — — 0 1
1 56 56 336 84 — — 0 1
1 196 112 56 — — —  — 0 1
1 140 — — 56 56 — —* 0 1
1 0 28 28 140 — — 56 1
1 28 28 28 0 — — 0 1
1 0 0 28 56 ------- 28 1
12060 1469 1055 958 688 664 1
11988 1344 952 560 308 1
11568 2072 1260 2184 — — 1204 1
14060 —■ 3640 — — — — 6188 1
110024 7448 9212 5040 — — 7196 1
14732 2464 2240 — — — — 1792 1
13388 — — 1484 1008 — —- 868 1
14480 3136 2296 2268 — — 2044 1
11932 1232 1400 1064 •------ 952 1
11596 3360 3276 2016 ------- 1372 1
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Appendix 6.1 The mean individual cell sizes and the total biovolumes 
(um^/cm*) of the common ciliate species at different 




5 days 12 days 20 days
[Depth j Mean of 



















j 1 cm 1 
1 3 cm 1 
I 5 cm 1 
I 10 cm I 


























1 1 cm 1 
1 3 cm I 
1 5 cm I 
I 10 cm I 
































1 1 cm 1 
1 3 cm I 
1 5 cm 1 
I 10 cm 1 




























I 1 cm 1 
1 3 cm 1 
I 5 cm I 
1 10 cm 1 

























1 1 cm 1 
1 3 cm 1 
1 5 cm I 
1 10 cm I 




















1 —  1 
1Oxytricha:
1 1 cm 1 
1 3 cm I 
1 5 cm I 
1 10 cm 1 























1 ___ I _
IHemiophrys :
1 1 cm 1 235 78960 2685 1052520 3254 273336
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1 3 cm I 352 [ 19712 ___ —— —  —
1 5 cm 1 3490 [ 586320 5434 668382 3004 7654192 [
1 10 cm I 923 [ 103376 —  —  — — — — 4027 10917197 [
1 30 cm 1 184 [ 10304 329 27636 3982 99550 [ 
________ 1I_______ I _
1Litonotus: "ij
1 1 cm 1 3773 [ 105644 40046 10091592 38074 3198216 [
1 3 cm 1 4150 j 348600 59025 3836625 —  —
1 5 cm 1 3252 [ 455280 13978 2054766 4137 1013565 [
I 10 cm I 2458 1 481768 19952 877888 16018 1569764 [
1 30 cm 1 
-
4504 1 504448 6300 352800 6385 159625 [ 




[ 1 cm [ 3736 [ 523040 26032 13849024 27432 3072384 [
1 3 cm 1 2856 1 479808 24840 819720 — —  —
I 5 cm 1 3048 [ 256032 3088 228512 33240 4886280 [
1 10 cm 1 2656 [ 148736 —  —  —- *— ■ — 18760 2457560 [
1 30 cm 1 
1 ____ 1
2672 [ 448896 15376 1291584 14056 688744 j 




[ 1 cm [ 193430 59576440 348128
[
48737920 j
I 3 cm I 311726 [148381570 117832 38531064 —  —  —
1 5 cm 1 342769 (67182724 215770 10572730 285705 41998635 |
I 10 cm 1 390692 [54696880 398647 17540468 295475 57913100 [
1 30 cm 1 163277 [13715268 141630 15862560 ------
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Appendix 6.2 The daily instantaneous rates of the common ciliates 
in various runs of beds 14, 5 and 4 at Ashford Common. 
******************************************************
Beds Bed 14
|no. 2 3 
1






1 0.10 0.08 0.04 -0.10 0.01 0.13 0.01 -0.07 1
1 ( 7-28)(5-21)( 5-20)(7-13)(2-14)(l-13)( 1-13) ( 5-31)[
1Chilodoneila: 
1__
1 0.20 0.05 0.05 -0.15 0.05 0.13 -0.01 0.09 [
1 ( 7-14)(5-21)( 5-12)(7-13)(2-14)(l-13)( 1-13) ( 5-17)[
[Cyclidium:
1 0.05 0.08 0.04 -0.10 0.18 0.08 0.27 0.03 [
[ (14-21)(5-21)( 5-12)(7-13)(2-14)(l-13)( 1-13) ( 5-17)[
[Tachysoma:
[ 0.14 -0.01 -0.1-0 -0.1-6 0.14 0.05 0.17 0.02 [
1 ( 7-21)(5-21)( 5-20)(7-13)(2-14)(l-13)( 1-13) ( 5-17)[
1Stylonichia:
[ 0.08 0.09 0.01 0.06 0.01 -0.11 -0.03 0.02 [
[ ( 7-28)(5-21)( 5-20)(7-13)(2-14)(l-13)( 1-13) ( 5-17)[
IVorticella:
__________
[ 0.12 0.10 -0.08 -0.02 0.23 0.11 0.09 0.15 I
[ ( 7-35)(5-21)( 5-12)(7-13)(2-14)(1-13)(13-27) ( 5-17)[
[Hemiophrys:
[ 0.18 -0.02 0.28 0.47 -0.04 -0.09 0.07 [
[ ( 7-14)(5-21)(12-20)(7-13)(2-14) ( 1-13) ( 5-17)[
[Litonotus:
_________
[ 0.27 -0.17 -0.04 0.28 - 0.14 0.11 -0.03 [
[ ( 7-21)(5-21)( 5-20)(7-13) (1-13)( 1-22) (17-31)[
(Euplotes:
[ 0.28 0.21 .-0.06 0.12 0.18 0.11 0.10 0.03 [
[ ( 7-21)(5-21)( 5-12)(7-13)(2-14)(l-13)( 1-27) ( 5-17)[
1Oxytricha;
[ 0.13 0.09 -0.11 -0.05 0.18 0.17 0.06 -0.02 [
[ ( 7-28)(5-21)( 5-20)(7-13)(2-14)(l-l3)( 1-22) ( 5-31)[
Bed 5 Bed 4





















S indicates the shaded run of bed 5.
PS indicates the partially-shaded runs of bed 4.
N.B the daily rates were calculated within the periods between 
brackets.
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Appendix 7.1 The biomasses of the living and non-living components 
expressed as carbon weights (mg C/cm?) at the runs of 
the filter beds 14,5 and4. 
*****************************************************
1- The unshaded runs of bed 14:
Rur
no
1 Run 1 
1 age I
I
carbon biomas-s (mg C/cm*) of 






2 |7 day| 0.050 1 0.333 • ] 0.259 ■ 1 3.320
__
(0.642 2.678)
114 1 0.180 1 0.812 1 0.464 j 2.172 [1.456 0.7161
|21 1 0.110 1 0.196 1 1.074 1 7.117 [1.389 5.7371
|35 1 
1
0.120 1 0.349 1 0.760 112.504
1
[1.229 11.2751







0.180 1 1.310 1 






1 5 1 0.140 1 1.127 1 0.281 1 2.758 11.548
_
1.210)
112 1 0.150 1 1.324 1 1.225 1 8.378 12.699 5.679)
|20 1 
1 _1




1 —  1 













1 2 I 
1 1





























|22 1 0.140 J 1.207 1 0.697 1 7.341 12.044 5.297)
2- The shaded runs of bed 5:
6 1 1 1 0.050 1 0.775 1 0.061 1 1.975 10.886 1.089)




7 1 5 1 0.140 1 1.805 1 0.574 1 4.962 12.519 2.443)
117 1 0.280 1 1.421 1 1.091 1 6.249 12.792 3.457)
|31 1 0.060 1 1.972 1 1.118 I 8.846 13.150 5.696)
3- The partially-shaded runs of bed 4:
7 1 4 1 0.060 1 0.338 1 1.242 112.103 11.6401 10.463)
|18 1 0.040 1 0.288 1 
1
4.154 113.842 14.4821 9.360)







|12 1 0.310 I 0.252 1 2.870 1 7.544 13.4321 4.112)
|20 1 0.300 1 0.358 1 6.226 [16.614 16.8841 9.730)
|24 1 0.180 1 0.274 1 5.599 [14.177 16.0531 8.124)
|31 1 0.090 1 0.513 I 4.819 [13.025 15.4221 7.603)
138 1 0.180 1 0.477 1 3.918 [23.610 14.5751 19.035)
|45 1 0.060 1 0.437 1 2.577 [16.142 13.0741 13.068)
|52 1 0.120 1 0.426 1 3.268 [19.082 13.8141 15.268)
L
N-L
indicates the living components, 
indicates the non-living components.
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Appendix 8.1 Depth distribution of the common ciliated protozoans in
the sand of the filter model at the end of five runs
during 1986.
*******************************************************
1 Cinetochilum 1 Cyclidium 1
1 Date |24/8 111/9 6/11
_____
24/111 Date 124/8 111/9 1 6/11 24/111
I Depth 1 1 1 Depth 11 1 1
I 1 cm 1 252 11456 56
____
532 1 1 cm 1 28 1 392 1 308
____
840 1
1 3 cm 1 224 11064 28 448 1 3 cm 1 28 1 168 1 112 56 1
I 5 cm 1 140 1 476 112 280 1 5 cm 1 28 1 28 1 28 0 1
1 10 cm 1 196 1 308 56 84 1 10 cm 1 0 1 0 1 56 0 1
1 20 cm 1 0 1 0 0 0 1 20 cm 1 0 1 0 1 0 0 1
1 30 cm 1 0 1 0 0 28 1 30 cm 1 0 1 0 1 0 0 1
1 Vorticella 1 Chilodoneila 1_______
1 Date |24/8 |ll/9 6/11
_____
24/111 Date 124/8 jll/9 1 6/11 24/111
1 Depth 1 1 1 Depth 1____ 1____ 1
I 1 cm 1 0 1 112 84
____
112 1 1 cm 2044 11400 1 672
____
1008 1
I 3 cm 1 28 1 0 56 56 1 3 cm 1960 12072 1 280 112 1
1 5 cm 1 28 1 28 0 28 1 5 cm 2016 11176 I 168 224
1 10 cm 1 0 1 0 0 0 1 10 cm 672 11120 1 196 56 1
I 20 cm 1 0 1 0 0 0 1 20 cm 0 1 0 1 0 0 1
1 30 cm 1 0 1 0 0 0 1 30 cm 0 1 0 1 392 28 1
1 Tachysoma 1 Oxytricha 1
1 Date 124/8 jll/9 1 6/11 24/111 Date 24/8 jll/9 6/11
.
24/111
[Depth 1 1 1 1 Depth 1 1
1 1 cm 1 0 1 56 1 0 308 1 1 cm 0 1 0 28 28 1
1 3 cm 1 0 1 0 1 0 0 1 3 cm 0 1 0 0 0 1
I 5 cm 1 28 1 0 1 0 84 1 5 cm 0 1 0 0 28 1
1 10 cm 1 56 1 0 1 0 28 1 10 cm 0 1 0 0 0 1
1 20 cm 1 0 1 0 I 0 0 1 20 cm 0 1 0 0 0 1
1 30 cm 1 0 1 0 1 0 0 1 30 cm 0 1 0 0 0 I
1 Euplotes 1 Stylonichia 1_______
1 Date 124/8 jll/9 1 6/11 24/111 Date 24/8 jll/9 6/11
_____
24/111
I Depth 1 1 1 1 Depth 1 1_______
I 1 cm 1 28 1 448 1 28 28 1 1 cm 0 1 0 0
____
0 1
I 3 cm 1 0 1 0 1 28 56 1 3 cm 0 1 0 0 0 1
1 5 cm 1 0 1 28 1 0 28 1 5 cm 0 1 0 0 0 1
1 10 cm 1 0 1 0 1 0 0 1 10 cm 0 1 0 0 0 1
1 20 cm 1 0 1 0 1 0 0 1 20 cm 0 1 0 0 0 1





1 Date 124/8 11/9 6/11 24/111 1 Date 24/8 111/9 1 6/11 24/11]






1 1 cm 1 0 28 28 112 1 I 1 cm 0 0 i 0 0 1
I 3 cm 1 0 0 0 28 1 I 3 cm 0 1 0 1 0 0 1
1 5 cm 1 0 0 0 28 1 I 5 cm 0 0 1 0 0 1
1 10 cm 1 0 0 0 0 1 I 10 cm 0 1 0 1 0 0 1
I 20 cm 1 0 0 0 0 1 I 20 cm 0 1 0 1 0 0 1
1 30 cm 1 0 0 0 0 1 I 30 cm 0 1 0 1 0 0 1
